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Series  Foreword 


Charles  A.  Bankston 

This  series  of  twelve  volumes  summarizes  research,  development,  and  im¬ 
plementation  of  solar  thermal  energy  conversion  technologies  carried  out 
under  federal  sponsorship  during  the  last  eleven  years  of  the  National 
Solar  Energy  Program.  During  the  period  from  1975  to  1986  the  U.S.  De¬ 
partment  of  Energy’s  Office  of  Solar  Heat  Technologies  spent  more  than 
$1.1  billion  on  research  development,  demonstration,  and  technology 
support  projects,  and  the  National  Technical  Information  Center  added 
more  than  30,000  titles  on  solar  heat  technologies  to  its  holdings.  So 
much  work  was  done  in  such  a  short  period  of  time  that  little  attention 
could  be  paid  to  the  orderly  review,  evaluation,  and  archival  reporting  of 
the  significant  results. 

It  was  in  response  to  the  concern  that  the  results  of  the  national  pro¬ 
gram  might  be  lost  that  this  documentation  project  was  conceived.  It  was 
initiated  in  1982  by  Frederick  H.  Morse,  director  of  the  Office  of  Solar 
Heat  Technologies,  Department  of  Energy,  who  had  served  as  technical 
coordinator  of  the  1972  NSF/NASA  study  “Solar  Energy  as  a  National 
Resource”  that  helped  start  the  National  Solar  Energy  Program. 

The  purpose  of  the  project  has  been  to  conduct  a  thorough,  objective 
technical  assessment  of  the  findings  of  the  federal  program  using  leading 
experts  from  both  the  public  and  private  sectors,  and  to  document  the 
most  significant  advances  and  findings.  The  resulting  volumes  are  neither 
handbooks  nor  textbooks,  but  benchmark  assessments  of  the  state  of 
technology  and  compendia  of  important  results.  There  is  a  historical 
flavor  to  many  of  the  chapters,  and  volume  1  of  the  series  will  offer  a 
comprehensive  overview  of  the  programs,  but  the  emphasis  throughout  is 
on  results  rather  than  history. 

The  goal  of  the  series  is  to  provide  both  a  starting  point  for  the  new 
researcher  and  a  reference  tool  for  the  experienced  worker.  It  should  also 
serve  the  needs  of  government  and  private-sector  officials  who  want  to 
see  what  programs  have  already  been  tried  and  what  impact  they  have 
had.  And  it  should  be  a  resource  for  entrepreneurs  whose  talents  lie  in 
translating  research  results  into  practical  products. 

The  scope  of  the  series  is  broad  but  not  universal.  It  is  limited  to  solar 
technologies  that  convert  sunlight  to  heat  in  order  to  provide  energy  for 
application  in  the  building,  industrial,  and  power  sectors.  Thus  it  ex¬ 
plicitly  excludes  photovoltaic  and  biological  energy  conversion  and  such 
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thermally  driven  processes  as  wind,  hydro,  and  ocean  thermal  power. 
Even  with  this  limitation,  though,  the  series  assembles  a  daunting  amount 
of  information.  It  represents  the  collective  efforts  of  more  than  200 
authors  and  editors.  The  volumes  are  logically  divided  into  those  dealing 
with  general  topics  such  as  the  availability,  collection,  storage,  and  eco¬ 
nomic  analysis  of  solar  energy  and  those  dealing  with  applications. 

The  present  volume  covers  the  economic  methods  developed  to  analyze 
solar  energy  systems.  The  common  characteristic  of  such  systems  is  that 
they  require  substantial  initial  investments  but  have  low  operating  costs 
relative  to  conventional  energy  systems.  Analysts  have  therefore  paid  a 
great  deal  of  attention  to  the  evaluation  of  such  investments  in  a  period 
of  highly  uncertain  energy  futures.  The  volume  provides  sufficiently  de¬ 
tailed  information  to  serve  as  a  sourcebook  for  anyone  interested  in  the 
economic  evaluation  of  solar  investments.  Except  in  the  context  of  exam¬ 
ples,  though,  it  does  not  present  results  and  does  not  attempt  to  compare 
or  rank  technologies.  The  dynamics  of  the  energy  and  money  markets 
and  the  level  of  maturity  of  the  industry  supplying  solar  technology  are 
such  that  comparisons  made  prior  to  the  time  of  an  investment  are  usu¬ 
ally  inadequate.  For  further  specific  information,  readers  should  consult 
the  application-oriented  volumes  in  this  series,  volumes  6-11,  which  con¬ 
tain  economic  evaluations  of  projects  and  technologies  that  have  become 
part  of  program  development  and  present  the  context  in  which  these  eval¬ 
uations  were  made. 
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Introduction 


Ronald  E.  West 

1.1  The  Importance  of  Economics  in  Solar  Energy  Analyses 

Economics  plays  a  crucial  role  in  the  development  and  implementation  of 
all  types  of  solar  thermal  energy  systems.  Because  of  its  importance, 
economic  considerations  are  presented  at  the  beginning  of  this  series, 
which  assesses  the  development  and  the  status  of  these  technologies. 

Economic  evaluation  consists  of  describing  a  project  in  economic 
terms,  that  is,  expressing  the  costs  and  benefits  of  an  activity  in  monetary 
units  (such  as  dollars)  and  then  comparing  the  costs  and  benefits.  Eco¬ 
nomic  evaluation  addresses  the  following  questions:  Is  a  project  econom¬ 
ically  efficient?  How  does  a  project  compare  economically  with  alter¬ 
native  projects?  What  is  the  most  economically  favorable  timing  of  the 
investment?  Answers  to  these  questions  are  important  in  making  research 
funding  decisions,  such  as  deciding  on  a  potential  expenditure  and  deci¬ 
ding  how  to  allocate  funds  among  various  possible  expenditures. 

The  economics  of  solar  systems  are  defined  by  the  solar  resource:  sun¬ 
shine  may  be  free,  but  collecting  it  is  not!  The  density  of  solar  radiation 
striking  the  earth  is  low,  and  large  collector  areas  are  necessary  to  obtain 
substantial  energy  outputs.  Traditionally  energy  users  have  not  made  the 
investment  necessary  to  make  an  energy  source,  such  as  a  fossil  fuel, 
available,  but  have  purchased  the  energy  source  from  a  supplier.  The  user 
of  solar  thermal  energy,  though,  typically  does  make  the  investment  that 
is  necessary  to  make  the  solar  energy  usable.  Thermal  applications  of 
solar  energy  require  large  initial  investments  in  construction  and  in  en¬ 
ergy  before  any  energy  is  delivered  or  any  financial  savings  can  be 
realized.  Thus  solar  systems  are  characterized  by  large  initial  capital  in¬ 
vestments  by  the  energy  user  that  require  careful  economic  analysis  and 
planning.  The  cost  of  operating  a  solar  thermal  system,  on  the  other 
hand,  is  usually  small  compared  to  the  cost  of  buying  fossil  fuels.  Once  a 
solar  system  has  been  built,  its  operating  expenses  are  small,  consisting 
only  of  modest  power  costs  to  drive  and  control  the  system  plus  repair 
and  maintenance  costs.  Fossil  fuels,  however,  must  be  supplied  and  paid 
for  in  proportion  to  the  heat  requirement.  So  the  user  benefit  from  a  solar 
heat  system  is  the  saving  in  operating  expense  for  fuel,  whereas  the  cost  is 
primarily  the  initial  investment. 

The  large  initial  investment  characteristic  of  solar  thermal  applications 
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makes  them  candidates  for  investigation  by  the  classical  methods  of  in¬ 
vestment  analysis.  These  methods  compare  the  monetary  value  of  an  in¬ 
vestment  with  the  monetary  value  of  the  earnings  Or  savings  produced  by 
the  investment  over  its  lifetime.  The  methods  assess  the  merit  of  future 
earnings  or  savings  compared  to  the  investment  of  capital  and  are  used 
routinely  for  business  and  industrial  investment  decisions  and  sometimes 
for  decisions  in  the  public  sector.  They  are  less  commonly  used  by  indi¬ 
viduals,  such  as  a  homeowner  considering  installation  of  a  solar  thermal 
water  heater.  But  any  investment  decision  involves  weighing  benefits  and 
costs  and  therefore  can  gain  from  an  economic  analysis.  In  a  broad  sense 
an  economic  analysis  is  desirable  for  every  investment  decision  in  order 
to  allocate  total  available  capital  better. 

Economic  analysis  of  solar  thermal  systems  encompasses  more  than 
just  investment  decisions.  Economic  modeling  by  mathematical  repre¬ 
sentation  of  the  economic  performance  of  a  system  has  been  applied  to 
issues  such  as  prediction  of  market  penetration,  cost  requirements  for 
new  technologies,  applications  analysis,  and  the  analysis  of  effects  of  gov¬ 
ernmental  taxation  and  incentive  policies  on  technology  development 
and  utilization.  Economic  analysis  technique^have  also  been  used  to  pro¬ 
vide  guidance  for  research  and  development,  as  well  as  commercializa¬ 
tion  planning.  These  subjects  are  important  to  the  government  as  pro¬ 
moter  and  user  of  the  technology,  to  the  private  sector  as  supplier  and 
user,  and  to  individuals  as  users.  Hence  economic  analysis  is  important 
because  of  its  pervasive  influence  on  investment  decisions,  on  the  re¬ 
search  and  development  climate,  and  on  commercialization  of  solar 
thermal  technologies. 

Investment  decisions  and  economic  analyses  require  prediction  of  con¬ 
ditions  in  the  future  because  the  benefits  of  most  investments  accrue  after 
the  investment  has  been  made.  Our  ability  to  predict  trends  in  energy 
economics  is  not  good,  even  for  the  short  range,  as  demonstrated  by  en¬ 
ergy  market  events  between  1973  and  1986.  General  economic  conditions 
influence  the  energy  market,  of  course.  But  energy  supply  and  demand, 
which  alfect  price,  are  also  influenced  by  government  policies,  consumer 
attitudes,  and  especially  international  events  and  the  policies  of  oil¬ 
exporting  countries.  Although  over  the  long  term  energy  prices  will  even¬ 
tually  rise  compared  to  the  prices  of  other  goods  and  services,  estimates 
of  when  this  will  happen  are  made  with  far  less  confidence  in  1986  than 
they  were  in  1976  or  even  1983.  The  results  of  economic  analyses  of  solar 


Introduction 


3 


energy  projects  are  no  better  than  the  assumptions  about  the  future 
trends  of  parameters  such  as  general  inflation  rate,  discount  rate,  and  fuel 
price  escalation  rate.  The  more  promising  a  project  is  in  the  short  term, 
the  less  it  depends  on  the  accuracy  of  predictions. 

This  volume  is  not  intended  to  cover  all  of  the  vast  literature  on  solar 
thermal  economics;  we  have  chosen  to  review  only  the  most  important 
contributions  related  to  the  federal  solar  programs.  Our  emphasis  is  on 
economic  methods  and  modeling  and  their  use  in  studying  policy  alterna¬ 
tives.  This  volume  also  reviews  applications  analysis  and  net  energy  anal¬ 
ysis.  Applications  analysis  lies  between  economics  and  the  technology, 
and  net  energy  analysis  is  a  methodology  similar  to  economic  analysis, 
but  it  uses  energy  rather  than  money  as  the  quantity  of  measurement.  The 
tool  of  cost  requirements,  used  in  program  planning,  is  reviewed  for  ac¬ 
tive  heating  and  cooling,  for  passive  heating  and  cooling,  and  for  electric- 
power  generation  and  industrial  process  heat.  Because  one  indicator  of 
the  success  of  the  solar  thermal  programs  is  how  the  cost  of  solar  systems 
changed  over  time,  solar  systems’  cost  histories  are  also  reviewed. 

Progress  in  the  use  of  economics  for  solar  energy  decisions  made  under 
federally  sponsored  solar  thermal  programs  is  recorded  in  this  volume;  it 
should  not  be  considered  a  tutorial  or  a  complete  review  of  the  literature. 
We  hope  that  it  will  assist  those  in  the  energy  field  to  build  on  the  experi¬ 
ence  and  techniques  in  economics  that  have  been  developed  over  the  past 
ten  to  fourteen  years.  Methods  described  here  are  used  throughout  this 
series,  especially  for  the  design  and  optimization  analyses  in  volumes  6,  7, 
10,  and  11  and  for  discussions  of  research  and  development  planning  in 
volume  5. 

This  volume  has  two  main  objectives:  to  report  on  the  research  and  de¬ 
velopment  of  economic  techniques  primarily  under  federal  sponsorship, 
between  approximately  1972  and  1985,  and  to  describe  applications  of 
these  techniques  and  how  they  influenced  research,  development,  and 
demonstration  activities  in  the  federally  sponsored  programs. 

1.2  Requirements  for  an  Economic  Analysis 

A  complete  economic  analysis  of  a  solar  thermal  system  requires  not  only 
an  economic  methodology  with  economic  parameter  values  but  also  cost 
and  performance  data.  Figure  1.1  indicates  the  information  inputs  needed 
to  model  the  performance  of  a  solar  thermal  system  in  economic  terms: 
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Figure  1.1 

Economic  performance  model  of  a  solar  thermal  system. 


the  requirements  of  the  application  (heat  rate,  timing,  and  temperature), 
the  solar  system  performance  characteristics  (optical  properties,  heat  loss 
rates),  and  the  local  climate  data  (insolation  and  weather)  are  all  needed 
to  predict  the  energy  output  of  a  solar  system.  With  a  knowledge  of  this 
output  the  system  can  he  sized  for  a  particular  heat  delivery  rate;  that  is, 
equipment  sizes  and  backup  energy  requirements  may  be  estimated.  To 
do  so  requires  appropriate  system  performance  models,  and  several  such 
models  are  widely  available  (see  chapter  3).  Equipment  costs,  operating 
and  maintenance  (O&M)  rates,  and  the  price  for  the  alternative  conven¬ 
tional  energy  source  can  then  be  combined  with  the  sizing  results  to  com¬ 
pute  the  capital  investment,  the  backup  energy  supply  cost,  and  the  O&M 
expense.  This  information  along  with  an  estimate  of  the  useful  lifetime 
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of  the  system  and  values  for  the  necessary  economic  analysis  parameters 
(for  example,  interest,  inflation,  and  discount  rates,  and  tax  policies)  are 
the  inputs  to  the  economic  evaluation  itself.  This  economic  evaluation 
produces  a  “figure  of  merit,”  or  “objective  criterion,”  such  as  the  life- 
cycle  cost.  Usually  the  steps  from  the  system  sizing  through  the  economic 
analysis  are  repeated  until  an  economically  optimal  system  size  is  found 
(see  chapter  3  for  a  discussion  of  optimization). 

Solar  system  performance  and  thus  solar  economics  depend  on  loca¬ 
tion  and  load.  Volume  2  of  this  series  provides  the  pertinent  insolation 
and  climate  data.  The  prediction  of  the  performance  of  solar  systems  is  a 
major  concern  of  this  series,  and  volumes  5  through  1 1  all  contain  rele¬ 
vant  information.  These  volumes  also  contain  information  on  the  costs  of 
components  of  solar  systems,  an  essential  ingredient  in  any  economic 
evaluation.  A  historical  perspective  on  installed  costs  of  solar  heat  systems 
is  presented  in  chapter  10. 

1.3  Issues  in  the  Economic  Analysis  of  Solar  Systems 

The  investment  of  capital  in  a  particular  project  to  generate  income  or 
savings  in  the  future  raises  the  question,  Is  it  worthwhile  to  invest  capital 
in  this  project?  Capital  can  always  be  invested  in  alternative  ways,  so 
criteria  are  needed  to  guide  the  investment  decision.  Suitable  criteria, 
such  as  life-cycle  cost,  net  present  worth,  or  payback  time,  and  their  cal¬ 
culation  are  the  subject  of  chapter  2,  where  eight  different  methods  are 
presented.  It  is  useful  here  to  consider  some  of  the  fundamental  quantities 
that  go  into  such  an  analysis.  “Interest”  is,  broadly,  the  return  obtainable 
from  the  productive  investment  of  capital;  it  usually  refers  to  money  paid 
for  the  use  of  borrowed  money.  Because  money  can  always  be  invested  at 
some  interest  rate,  an  amount  of  money  available  at  a  certain  time  is  equiv¬ 
alent  to  a  larger  amount  in  the  future  by  the  amount  of  interest  earned. 
To  turn  this  around,  an  amount  available  in  the  future  is  equivalent  to  a 
smaller  sum  available  at  the  present  time,  again  because  interest  could  be 
earned  from  the  present  at  some  rate.  This  is  the  concept  of  “time  value 
of  money,”  or  the  “present  worth”  (also  called  “present  value”)  of  an 
amount  of  money  available  in  the  future.  The  rate  used  to  compute  pre¬ 
sent  worth  is  usually  called  the  “discount  rate”  and  converting  future 
monies  to  their  present  value  is  called  “discounting.”  The  discount  rate 
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need  not  be  the  same  as  the  interest  rate  paid  on  borrowed  money,  as  dis¬ 
cussed  later. 

Present  worth  is  not  to  be  confused  with  inflation*  inflation  refers  to  an 
increase  in  price  level  so  that  the  same  amount  of  money  has  less  purchas¬ 
ing  power,  that  is,  will  buy  less  goods  and  services  than  at  an  earlier  time. 
Thus  money  available  at  a  given  time  in  an  inflationary  economy  is  worth 
more  than  the  same  amount  of  money  available  in  the  future  because  of 
the  combination  of  both  the  time  value  of  money  and  inflation. 

Inflation  raises  an  important  issue  with  respect  to  the  rate  of  interest, 
namely,  the  differential  between  the  interest  rate  and  the  inflation  rate.  If 
the  general  rate  of  inflation  is,  say,  5%  and  interest  is  being  earned  at  a 
rate  of  5%,  there  is  no  growth  in  the  purchasing  power  of  interest-bearing 
capital.  The  actual  rate  at  which  interest  is  being  paid  is  called  the 
nominal  rate,  and  the  effective  rate  of  interest  over  and  above  the  rate 
of  inflation  is  called  the  real  rate.  The  effective  or  real  interest  rate  is 
approximately  equal  to  the  difference  between  the  nominal  interest  rate 
and  the  rate  ot  inflation  (but  not  exactly,  as  these  values  are  compounded 
and  the  difference  must  be  calculated  using  the  correct  compounding  for¬ 
mulas).  This  concept  of  a  real  rate  applies  to  any  other  economic  parame¬ 
ter  that  is  a  time  rate,  such  as  the  discount  rate.  Different  inflation  rates 
may  be  associated  with  different  goods  and  services.  For  example,  through¬ 
out  the  1970s  and  early  1980s  the  rate  of  inflation  of  energy  fuels  was 
much  greater  than  that  of  the  general  economy.  The  high  energy  inflation 
rate  was  a  major  contributing  cause  to  the  general  inflation.  The  concept 
of  a  real  rate  applies  to  the  fuel  price  inflation  rate  as  well. 

Considerations  other  than  purely  economic  ones  may  weigh  heavily  in 
energy  policy  and  economic  decisions.  From  a  national  perspective,  secu¬ 
rity  of  supply  and  independence  trom  foreign  suppliers  may  be  overriding 
considerations.  To  an  individual  or  firm,  public  relations,  security,  and 
independence  may  also  be  important,  even  overriding.  Other  factors  such 
as  aesthetics,  patriotism,  and  environmental  protection  are  often  para¬ 
mount  to  an  individual.  Such  factors  are  considered  in  volume  12. 

1.3.1  Economic  Parameter  Values 

The  values  used  for  such  parameters  as  the  interest,  discount,  and  infla¬ 
tion  rates,  project  lifetime,  and  the  prices  of  alternative  energy  sources 
are  critical  in  making  economic  evaluations  of  solar  energy  systems.  Cur- 
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rent  and  future  values  of  these  quantities  must  be  estimated  based  on  the 
best  information  available  at  the  time  of  the  evaluation.  Factors  entering 
into  any  economic  evaluation  will  change  in  unpredictable  ways,  so  it  is 
likely  that  any  economic  evaluation  will  turn  out  to  be  inaccurate!  We  do 
not  recommend  values  of  economic  parameters  and  future  fuel  prices  to 
use.  Instead,  chapter  2  includes,  in  its  examples,  parameter  values  used  in 
past  economic  studies.  Solar  system  lifetimes  are  discussed  in  subsequent 
technology  volumes  of  this  -series.  Future  prices  for  various  energy 
sources,  perhaps  the  most  important  of  all  the  values  used  in  solar  energy 
economic  evaluation,  have  been  the  subject  of  many  studies.  Chapters  4 
and  10  discuss  several  of  these  studies  and  give  useful  references  on  this 
difficult  issue.  The  Energy  Information  Administration  (El A)  of  the  De¬ 
partment  of  Energy  (DOE)  publishes  an  Annual  Energy  Outlook  that  in¬ 
cludes  projections  of  the  prices  of  the  major  energy  sources  to  the  user. 
Prices  are  projected  ten  years  ahead  in  constant  dollars  of  the  year  of  the 
report  (El A,  1986). 

The  discount  rate  value  to  use  in  the  evaluation  of  energy  investments 
is  a  controversial  issue.  An  excellent  discussion  is  given  by  Lind  et  al. 
(1982).  The  discount  rate  reflects  the  required  rate  of  return  on  an  invest¬ 
ment  plus  an  allowance  for  risk  associated  with  the  investment.  In  the 
private  sector  the  required  rate  of  return  is  usually  taken  as  the  cost  of 
capital,  that  is,  the  market  rate  of  interest  or  the  cost  of  equity  financing. 
For  individuals  the  required  rate  of  return  is  the  minimum  rate  at  which 
a  consumer  is  willing  to  forgo  consumption  now  for  consumption  in  the 
future.  In  theory  the  private  sector  rate  is  the  before-tax  cost  of  capital 
and  the  individual  rate  is  the  after-tax  cost  of  capital;  in  either  case  the 
discount  rate  is  increased  to  account  for  risk  (uncertainty)  inherent  in 
predicting  the  future  and  in  the  expected  performance  of  the  investment 
project.  The  Office  of  Management  and  Budget  directed  in  1972  that  a 
real  discount  rate  of  10%  be  used  in  the  evaluation  of  federal  projects. 
The  1980  Energy  Security  Act  (PL96-294)  required  that  a  7%  real  dis¬ 
count  rate  be  used  to  evaluate  federal  solar  energy  projects  (Ruegg, 
1986).  This  value  is  based  on  private  sector  discount  rates.  Most  energy 
investments  are  made  in  the  private  sector,  so  it  is  often  argued  that 
private  sector  financing  criteria  be  used  in  energy  project  evaluations. 
Nonetheless,  many  different  discount  rates  have  been  used  in  energy 
studies,  ranging  at  least  from  0%  to  13%. 
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1.3.2  Inflation  Adjustment 

This  volume  discusses  the  developments  in  solar  energy  economics  cover¬ 
ing  the  fourteen  years  of  1972—1985.  This  was  a  period  of  profound 
change  in  the  energy  business  worldwide  as  well  as  a  period  of  steep  infla¬ 
tion,  partly  because  of  energy  costs.  Direct  comparisons  of  costs  and 
prices  are  difficult  because  of  the  rapid  changes.  Therefore  in  this  volume 
cost  and  price  values  have  been  converted  into  dollars  for  a  common  year, 
namely  1985,  using  the  U.S.  Department  of  Commerce  Gross  National 
Product  (GNP)  Implicit  Price  Deflator  Index.  We  could  have  used  sev¬ 
eral  other  indexes,  such  as  the  Engineering  News-Record  Index.  Some 
of  these  are  related  to  construction  or  manufacturing  price  changes  and 
might  therefore  reflect  changes  in  the  cost  of  solar  systems  more  closely 
than  the  GNP  index.  There  is  not,  however,  a  “solar  equipment  cost 
index  or  anything  equivalent.  The  GNP  index  was  chosen,  therefore,  be¬ 
cause  it  reflects  general  inflation  in  the  overall  economy  and  because  it  is 
readily  available. 

Table  1.1  includes  the  GNP  deflator  index  for  1972  through  1985,  as 
used  throughout  this  series.  For  other  years  the  Survey  of  Current  Busi¬ 
ness,  published  by  the  U.S.  Department  of  Commerce,  should  be  con- 


Table  1.1 

Gross  National  Product  Implicit  Price  Deflator  Index 


Year 

Index 

1972 

46.5 

1973 

49.5 

1974 

54.0 

1975 

59.3 

1976 

63.1 

1977 

67.3 

1978 

72.2 

1979 

78.6 

1980 

85.7 

1981 

94.0 

1982 

100.0 

1983 

103.8 

1984 

108.1 

1985 

111.7 

Source:  U.S.  Department  of  Commerce  (1986). 


Conversion 
to  1985 
dollars 

2.402 

2.257 

2.068 

1.883 

1.770 

1.659 

1.547 

1.421 

1.303 

1.188 

1.117 

1.076 

1.033 

1.000 
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suited.  To  use  the  table,  one  takes  a  price  known  for  a  particular  year, 
say,  1973,  and  converts  that  price  into  1985  dollars  by  multiplying  by  the 
ratio  of  the  1985  index  (111.7)  to  the  1973  index  (49.5),  that  is,  by  2.257. 
The  result  does  not  mean  that  an  item  priced  at  $1  in  1973  would  be  priced 
$2.26  in  1985.  Rather,  it  means  that  because  of  the  decline  in  the  purchas¬ 
ing  power  of  the  dollar,  it  took  $2.26  in  1985  to  buy  the  same  “market 
basket”  of  goods  that  $1  purchased  in  1973.  The  1985  index  value  was  re¬ 
ported  in  March  1986  and  subsequently  may  have  changed  slightly  as  the 
basic  economic  data  were  refined.  The  procedure  in  this  series  has  been  to 
report  values  in  the  same  terms  as  they  were  originally  reported  (for  ex¬ 
ample,  1973  dollars)  and  then  to  convert  and  give  the  value  in  1985 
dollars.  Sometimes  on  tables  or  graphs,  especially  when  data  from  several 
different  years  are  included,  values  are  presented  in  the  current  year 
dollars,  as  they  were  reported,  and  the  multiplying  factors  to  convert  to 
1985  dollars  are  given. 

The  term  “current  year  dollars”  refers  to  numbers  that  are  expressed  as 
the  dollar  value  when  they  were  stated.  The  term  “constant  dollars”  is 
applied  to  numbers  that  have  been  converted  into  the  dollar  value  in  one 
particular  year,  1985  in  this  series. 

1.4  Economic  Methods  in  the  Federal  Solar  Program 

The  U.S.  government’s  support  for  research,  development,  and  demon¬ 
stration  (RD&D)  on  solar  energy  was  about  $2  million  in  fiscal  year  (FY) 
1972  (about  $5  million  in  1985  dollars)  (Herwig,  1981).  This  had  increased 
to  a  peak  of  about  $1  billion  in  FY  1982  (about  $1.1  billion  in  1985 
dollars).  The  total  federal  commitment  to  solar  energy,  including  tax  in¬ 
centives,  approached  $1.5  billion  in  FY  1982  (about  $1.7  billion  in  1985 
dollars)  (DOE,  1982).  This  growth  in  support  for  solar  energy  was  spurred 
by  the  oil  boycott  in  the  fall  of  1973,  which  created  an  awareness  of  im¬ 
pending  energy  supply  shortages  and  the  dependence  of  the  United  States 
on  imported  oil,  and  again  by  sharp  price  increases  in  1979.  Solar  budget 
authorizations  have  declined  since  1982  as  the  federal  government’s  pol¬ 
icies  and  the  world  energy  market  have  changed. 

A  goal  of  the  U.S.  government’s  solar  energy  program  was  “to  develop 
and  introduce,  at  an  early  date,  economically  competitive  . . .  solar  energy 
systems”  (ERDA,  1975).  Thus  economic  analysis  was  an  essential  ingre- 
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dient  in  designing,  planning,  guiding,  and  evaluating  the  research  and  de¬ 
velopment  program.  Economic  methods  needed  to  be  incorporated  into 
the  technology  research,  development,  and  commercialization  programs. 
Moreover,  as  the  programs  progressed,  needs  were  recognized  for  com¬ 
mon  methods,  assumptions,  values,  and  criteria  in  order  to  make  appro¬ 
priate  comparisons  of  projects  and  technologies.  Also  recognized  was 
that  planning  solar  programs  and  evaluating  solar  projects  required  ex¬ 
tensions  of  existing  economic  tools  and  methods,  including  combining 
these  methods  with  techniques  and  models  for  predicting  the  performance 
of  solar  systems.  For  example,  predicting  market  penetration,  establish¬ 
ing  component  cost  goals,  and  estimating  the  profitability  of  solar  proj¬ 
ects  required  that  economics  techniques  be  developed  to  mesh  with  the 
peculiar  characteristics  of  solar  energy  systems. 

Before  1976,- in  fact,  the  federal  solar  energy  budget  included  only  re¬ 
search,  development,  and  demonstration  programs;  economic  analyses 
were  not  separate  programmatic  or  budget  items.  Between  1976  and  1982 
programs  other  than  RD&D  were  budgeted.  One  category  in  the  DOE 
solar  budget  was  market  analysis,  which  included  the  evaluation  of  po¬ 
tential  markets  for  all  solar  technologies  and  the  development  of  market 
strategies  for  those  technologies.  Those  economic  analysis  activities  that 
were  explicitly  budgeted  were  included  under  this  category.  The  total 
amount  authorized  for  market  analysis  in  the  solar  heat  technologies 
(passive  and  active  heating  and  cooling,  agricultural  and  industrial  pro¬ 
cess  heat,  and  solar  thermal  power)  was  $8.4  million  in  FY  1980  ($10.9 
million  in  1985  dollars),  for  example  about  1.4%  of  that  year's  total 
solar  energy  budget  and  3.3%  of  that  budgeted  for  solar  heat  programs 
(DOE,  1980).  These  economic  analysis  activities  clearly  were  never  a  big 
portion  of  the  solar  heat  programs,  and  they  were  always  controversial. 
Nonetheless,  there  was  a  period  when  their  role  was  significant. 

The  activities  conducted  under  the  market  analysis  function  are  listed 
in  table  1.2,  including  the  percentage  of  the  total  DOE  solar  market  anal¬ 
ysis  budget  devoted  to  each  activity  in  FY  1980.  Other  economic  analyses, 
such  as  cost  goals  studies  and  specific  project  evaluations,  were  conducted 
as  technology  program  activities  and  did  not  appear  as  items  in  the  over¬ 
all  DOE  solar  budget,  so  total  expenditures  on  such  economics  studies 
were  greater  than  the  numbers  would  indicate.  I  could  not  reconstruct  a 
budget  history  of  economics  studies  for  solar  heat  technologies  from  the 
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Table  1.2 

Market  analysis  activities  in  the  DOE  Solar  Program,  FY  1980a 


Activity 

%  of  budget 
allocated  to  activity 

Economic  modeling  and  analysis 

20 

Economic  and  financial  incentives 

8 

Public  utility/solar  energy  interface 

8 

Legal  issues 

17 

Employment  and  work  force  assessment 

17 

Marketing  and  consumer  response 

27 

International  market  analysis 

3 

Source:  DOE  (1980). 

a.  Total  authorized  for  market  analysis  activities  in  1980  =  $8.4  million. 


public  record.  The  information  given  for  1980  is  near  the  high  water  mark 
for  the  amount  explicitly  spent  for  economics  studies.  By  1983  explicit  ex¬ 
penditures  on  economics  had  disappeared  from  the  federal  solar  energy 
budget.  Nonetheless,  some  types  of  economic  analyses  continue  to  be 
performed  for  technology  programs  because  they  are  needed  as  guidance 
and  in  evaluations  of  those  programs.  From  1976  through  1982  economics 
studies  were  a  small  but  significant  feature  of  the  DOE  solar  program  and 
have  continued  to  be  an  important  facet  of  program  activities. 

1.5  Contents  of  This  Book 

Chapter  2,  “Economic  Methods,”  is  coauthored  by  Rosalie  Ruegg  and 
Walter  Short.  This  chapter  gives  basic  background  on  the  principal 
methods  of  economic  evaluation,  stressing  advances  in  the  methodologies 
and  their  application  to  solar  systems  made  as  a  consequence  of  the 
federal  solar  heat  programs.  Four  major  solar  areas  subject  to  economic 
analyses  are  described:  the  economic  feasibility  of  solar  heat  projects,  the 
estimation  of  market  potential  and  penetration  by  solar  technologies,  the 
economic  impacts  of  their  implementation,  and  the  formulation  of  gov¬ 
ernment  policies  and  plans  toward  solar  energy. 

Chapter  2  is  not  a  handbook  on  how  to  apply  these  techniques, 
although  much  information  about  them  is  given.  Rather,  it  reviews  the 
state  of  the  art  of  the  methods  and  the  impact  of  federal  programs  on 
them.  The  authors  point  out  that  the  contributions  of  solar  studies  to 
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economic  methods  generally  have  been  adaptive,  but  they  are  nonetheless 
extensive  and  important.  Eight  methods  of  economic  evaluation  are  pre¬ 
sented,  and  many  applications  of  these  methods  to  solar  and  economic 
issues  are  discussed.  Six  detailed  examples  are  worked  out  using  the  eco¬ 
nomic  evaluation  methods;  these  illustrate  the  similarities  and  differences 
of  the  methods  as  well  as  typical  values  used  for  the  economic  parameters 
in  studies  of  solar  energy  investments  in  the  1970s  and  early  1980s.  The 
reader  is  also  referred  to  sources  that  document  economic  studies  and 
give  instruction  on  the  use  of  the  methods. 

Economic  models  include  the  methods  of  evaluation  described  in  chap¬ 
ter  2  and  extend  beyond  these  to  include  criteria  and  techniques  for  anal¬ 
ysis  of  such  decisions  as  optimal  size  and  timing  solar  investments  and 
optimal  combinations  of  solar  and  conservation  technologies.  G.  Thomas 
Sav  wrote  chapter  3,  “Economic  Models,”  to  present  background  on  the 
theory  of  economic  modeling  as  it  applies  to  design  decisions,  market 
penetration  studies,  and  analysis  of  incentives  for  solar  heat  systems.  This 
theoretical  background  is  important  to  understand  the  fundamental  as¬ 
sumptions  made  in  economic  modeling  of  solar  heat  projects. 

Sav  reviews  the  integration  of  economic  models  with  solar  system  per¬ 
formance  models,  one  of  the  more  challenging  aspects  of  solar  economic 
analysis  because  of  the  unique  problems  encountered  in  predicting  solar 
performance.  He  discusses  six  integrated,  computer-based  simulation 
models.  For  each  of  these  models  he  emphasizes  the  economic  modeling 
and  compares  optimal  design  results  obtained  by  using  each.  In  addition, 
he  discusses  two  simplified  deterministic  models  and  one  econometric 
model  for  solar  system  optimization.  This  useful  review  includes  a  discus¬ 
sion  of  the  advantages  and  disadvantages  of  each  of  these  models. 

Whereas  chapters  2  and  3  present  fundamental  concepts  and  methods 
of  economic  analysis,  the  next  six  chapters  relate  to  applications  of  the 
methods  to  solar  issues:  market  penetration,  incentives,  applications  and 
net  energy  analysis,  and  cost  requirements.  In  chapter  4.  “Assessing  Mar¬ 
ket  Potential,”  Gerry  Bennington  writes  on  assessment  of  the  market 
potential  of  solar  technologies.  Market  potential  refers  to  the  portion  of 
a  market,  say  home  heating  or  cooling,  which  might  be  captured  by  a 
technology.  Market  potential  assessments  are  needed  for  policy  and  in- 
centives  analysis,  goal  setting,  RD&D  planning,  commercialization  strat¬ 
egies,  and  impact  assessments.  The  expected  magnitude  and  timing  of 
potential  markets  can  determine  the  allocation  of  resources  among  these 
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activities.  The  anticipated  cost  of  solar  systems  is  a  major  input  into 
market  assessment,  and  economic  evaluation  is  one  of  its  main  tools. 

Bennington  describes  components  of  market  potential  assessment  such 
as  national  energy  supply  and  demand  models,  national  solar  models, 
and  market  segment  and  technology  models.  He  reviews  eight  major 
solar  market  potential  studies,  presenting  the  main  points  of  their  meth¬ 
odologies  and  comparing  projections  made  with  each.  Penetration  of  a 
technology  into  a  market  is  a  function  of  its  economics  relative  to  that  of 
competing  technologies.  Thus  future  cost-trend  projections  are  essential 
to  market  potential  studies;  the  timing  of  these  trends  is  especially  dif¬ 
ficult  to  predict.  The  usefulness  of  these  several  market  potential  studies 
is  weighed  by  Bennington.  Although  he  indicates  that  they  may  provide 
guidance  as  to  comparative  trends  for  different  technologies,  he  cautions 
that  their  results  should  not  be  treated  as  predictions.  The  variables  are 
too  numerous  and  the  uncertainties  too  great  to  be  able  to  predict  the 
market  penetration  by  a  new  technology. 

The  use  of  incentives  by  the  federal  government  to  assist  in  the  devel¬ 
opment  of  a  solar  energy  alternative  has  been  a  major  policy  issue.  Peter 
Spewak  addresses  this  difficult  subject  in  chapter  5,  “Analyzing  the  Effect 
of  Economic  Policy  on  Solar  Markets.”  He  presents  the  rationale  for 
government  incentives  in  energy  resource  development  in  general  and  for 
solar  energy  in  particular.  Seven  categories  of  government  incentives  are 
listed:  creation  or  prohibition  of  organizations,  taxation,  disbursements, 
requirements,  traditional  and  nontraditional  government  services,  and 
market  activity. 

Spewak  reviews  arguments  regarding  the  appropriate  type,  level  of 
support,  and  timing  of  incentives;  discusses  the  potential  benefits  and 
costs  of  incentives;  and  gives  the  incentives  that  were  proposed  and  those 
enacted  for  solar  energy.  Evidence  regarding  the  effectiveness  of  the  in¬ 
centives  programs  is  presented  and  discussed.  Spewak  concludes  that  the 
solar  energy  incentives  were  not  as  effective  as  originally  expected.  The 
uses  of  incentives  in  solar  technology  implementation  are  covered  in 
volume  12  of  this  series. 

Chapter  6,  “End-Use  Matching  and  Applications  Analysis  Method¬ 
ologies,”  by  Kenneth  Brown,  deals  with  applications  analysis.  Applica¬ 
tions  analysis  uses  economic  evaluation  methods  but  is  primarily  con¬ 
cerned  with  the  end-use  of  the  energy.  Brown  reviews  the  federal  activity 
for  development  of  an  applications  analysis  methodology  to  guide  the 
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solar  industrial  process  heat  (SIPH)  and  the  solar  thermal  power  pro¬ 
grams.  Applications  analysis  tests  the  compatibility  of  an  energy  supply 
technology  with  the  usage  requirements  of  the  energy.  It  is  not  a  detailed 
design  but  looks  for  temporal  and  temperature  matches  in  order  to  define 
a  potential  market  and  to  establish  technical  needs.  The  technique  devel¬ 
oped  includes  requirements  analysis — a  database  on  the  temperature, 
schedule,  use  rate,  and  geographical  distribution  of  industrial  process 
heat  users  and  power  generators — and  end-use  matching — a  procedure 
for  finding  the  solar  collector  type  that  most  economically  meets  a  set 
of  process  requirements.  Together,  requirements  analysis  and  end-use 
matching  can  provide  a  detailed  mapping  of  applications  opportunities. 

Brown  traces  the  historical  development  of  requirements  and  end-use 
analysis  under  the  federal  program,  beginning  with  several  studies  in  the 
early  1970s  and  leading  to  the  end-use  matching  work  done  by  the  Solar 
Energy  Research  Institute  in  the  early  1980s.  By  that  time  much  of  the 
definition  and  clarification  needed  to  focus  on  candidate  applications 
was  done  and  more  detailed  phases  were  underway.  This  program  ended 
in  1982,  but  it  had  been  useful  in  identifying  potential  markets  and  in 
establishing  the  end-use  matching  methodology. 

Robert  Herendeen  introduces  net  energy  analysis  in  chapter  7,  “Net 
Energy  Considerations.”  Net  energy  analysis  employs  techniques  similar 
to  those  of  economic  evaluation  but  with  energy  instead  of  money  as  the 
quantity  of  measurement.  Herendeen  outlines  the  philosophy  and  the 
procedures  of  this  approach.  Clearly  a  technology  that  consumes  more 
energy  in  putting  it  in  place  than  it  can  produce  during  its  useful  life  is  not 
desirable  as  an  energy  supplier.  Conceptual  and  procedural  difficulties 
that  occur  in  the  application  of  the  method  are  pointed  out.  Herendeen 
presents  the  results  of  many  net  energy  analyses  conducted  by  himself 
and  others  lor  nonsolar  and  solar  heat  technologies:  he  uses  the  incre¬ 
mental  energy  ratio  (IER),  the  total  energy  supplied  to  the  rest  of  the 
economy  divided  by  the  total  energy  input  from  the  economy.  The  results 
and  significance  of  these  studies  are  discussed.  Herendeen  points  out  sev¬ 
eral  insights  that  net-energy  analysis  provides,  such  as  the  decline  in  the 
IER  for  fossil  fuel  resources  in  recent  years.  Herendeen  claims  the 
method  has  too  many  inherent  problems  to  use  it  for  comparison  and 
ranking  of  different  technologies. 

Cost  requirements  are  the  subject  of  chapters  8,  9,  and  10.  Each  chap¬ 
ter  is  directed  to  a  specific  solar  technology — active  heating  and  cooling. 
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passive  heating  and  cooling,  and  process  heat  and  thermal  power — but 
each  author  places  different  emphasis  with  regard  to  the  estimation  of  re¬ 
quirements.  Cost  and  performance  requirements  (or  goals)  are  estimated 
values  that  technologies  must  reach  by  a  given  time  in  order  to  become 
competitive.  They  are  of  great  value  in  program  planning:  for  choices 
between  projects,  as  guideposts  to  evaluate  progress,  and  in  setting  the 
direction  of  project  activities.  Establishing  these  requirements  or  goals  in¬ 
volves  economic  evaluations  and  market  potential  projections. 

Mashuri  Warren  addresses  active  solar  heating  and  cooling  in  chapter 
8,  “Cost  Requirements  for  Active  Heating  and  Cooling.”  He  gives  a  de¬ 
tailed  description  of  each  step  in  the  procedure  to  establish  requirements 
as  practiced  in  the  active  solar  program.  This  procedure  uses  an  economic 
evaluation  method,  a  market  penetration  study,  and  a  solar  system  per¬ 
formance  model.  The  market  penetration  study  provides  a  relationship 
between  the  fraction  of  the  market  captured  and  a  solar  system  cost/ 
performance  parameter  (expressed,  for  example,  as  payback  time).  A  de¬ 
sired  value  of  the  cost/performance  parameter  plus  the  economic  and  the 
performance  models  permits  fixing  the  amount  and  the  time  at  which  to 
invest.  This  set  of  values  then  becomes  the  system  cost  and  performance 
goals  at  a  certain  date.  The  system  cost  and  performance  goals  must  be 
broken  down  into  component  goals  to  be  useful.  This  is  usually  done  as 
an  allocation  based  on  experience;  there  is  not  a  unique  set  of  component 
goals. 

Warren  shows  a  detailed  example  of  a  solar-driven  absorption-cooling 
system.  The  economic  and  performance  models  and  parameter  values 
used,  which  are  crucial  to  the  outcome  of  the  analysis,  are  given  and  dis¬ 
cussed.  He  observes  that  the  fuel  price  escalation  rate  used  affects  pri¬ 
marily  the  timing  of  the  investment  as  opposed  to  the  savings  produced. 
He  shows  that  a  comparison  of  component  goals  with  current  values  is 
useful  in  identifying  opportunities  and  needs  for  component  improve¬ 
ments.  In  his  example  he  shows  the  importance  and  necessity  of  reducing 
electrical  parasitics  for  the  absorption-cooling  technology. 

In  chapter  9,  “Cost  Requirements  for  Passive  Solar  Heating  and  Cool¬ 
ing,”  Charles  Hauer  takes  a  broad  view  as  he  discusses  the  technical  and 
economic  factors  unique  to  passive  designs.  Because  passive  features  are 
closely  allied  to  the  architecture  of  a  building,  the  cost  and  performance 
increments  they  produce  are  difficult  to  isolate  and  quantify.  Cost  re¬ 
quirements  are  based  on  the  realities  of  marketplace,  salability,  and  price. 
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Hauer  reviews  and  evaluates  modeling  methods  that  have  been  devel¬ 
oped  to  estimate  the  performance  and  cost  of  passive  design  features.  He 
emphasizes  the  importance  of  making  the  results  of  this  work  easily  usable 
by  designers  and  builders.  Some  key  features  of  the  Denver  Metro  pas¬ 
sive  solar  program  are  presented.  Hauer  summarizes  key  concepts  of  sev¬ 
eral  passive  solar  models.  The  solar  load  ratio  method  of  Los  Alamos 
National  Laboratory  is  emphasized.  He  concludes  that  uncertainties  in 
the  cost  and  performance  of  passive  designs  make  tenuous  their  economic 
analysis. 

In  chapter  10,  “Cost  Requirements  for  Solar  Thermal  Electric  and  In¬ 
dustrial  Process  Heat,”  Ronald  Edelstein  presents  goals  recently  estab¬ 
lished  for  the  Solar  Thermal  Program.  He  emphasizes  the  basic  issues  and 
methodological  problems  involved  in  establishing  cost  goals.  These  in¬ 
clude  value  versus  attainability  as  the  basis  for  setting  the  goals  (that  is, 
what  is  necessary  in  order  to  be  competitive  versus  what  appears  to  be 
possible  technically),  the  choice  of  target  markets  and  alternative  fuels, 
the  time  frame  for  the  analysis,  the  financial  and  technical  parameter 
values  to  be  assumed,  and  how  to  measure  progress  versus  the  goals.  He 
comments  on  resolution  of  these  problems. 

Edelstein  discusses  the  importance  of  component  goals  and  how  to 
allocate  system-level  goals  to  the  system  components.  He  traces  the  evo¬ 
lution  of  methods  to  establish  goals  for  the  solar  thermal  technologies. 
He  also  assesses  the  procedures  used  to  establish  the  recent  program 
goals  and  evaluates  the  appropriateness  of  the  results  obtained. 

The  emphasis  in  this  volume  is  on  economic  methods  and  the  applica¬ 
tion  of  these  methods  to  the  issues  of  solar  economics.  One  measure  of 
progress  in  solar  technologies  is  trends  in  the  cost  of  solar  heat  systems. 
The  federal  solar  energy  program  is  only  one  of  many  factors  contribut¬ 
ing  to  these  trends,  so  no  causal  relationship  can  be  established.  Nonethe¬ 
less,  a  record  of  these  trends  is  of  great  interest.  Thus,  in  the  concluding 
chapter  of  this  volume,  “Historical  Cost  Review,”  Charles  Hansen  and 
Wesley  Tennant  present  historical  trends  in  the  cost  of  solar  heat  systems. 

Hansen  and  1  ennant  have  critically  reviewed  the  literature  and  collected 
cost  data  tor  1974  through  1982.  Their  experience  shows  the  difficulty  of 
finding  complete  and  acceptably  defined  cost  values.  The  authors  use  the 
installed  system  cost  per  unit  of  collector  area,  dollars  per  square  foot  (or 
per  square  meter)  as  the  cost  parameter,  and  group  the  results  by  temper¬ 
ature  range  and,  where  appropriate,  by  collector  type,  or  energy  use. 
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Trends  in  the  cost  data  were  examined  with  mixed  results.  The  system 
cost,  in  1985  dollars,  remained  essentially  constant  in  three  of  the  eight 
categories,  whereas  in  four  it  decreased  and  in  one  case  it  increased. 
Hansen  and  Tennant  discuss  reasons  for  the  observed  trends,  noting  that 
experience,  technical  improvements,  increased  production  rates,  im¬ 
proved  quality,  and  the  relative  size  of  systems  all  contribute  to  them. 
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This  chapter  covers  the  principal  methods  of  economic  evaluation  that 
have  been  applied  to  solar  thermal  technologies;  outlines  major  post-1972 
developments,  adaptations,  and  applications  of  economic  methods  to 
evaluating  solar  thermal  technologies;  and  illustrates  applications  of 
these  methods  to  solar  thermal  technologies  through  selected  case  studies 
from  the  literature. 

The  chapter  is  organized  into  eight  sections.  Section  2.1  identifies  the 
solar  energy  economic  issues  that  have  prompted  the  need  for  economic 
methods.  Section  2.2  is  a  brief  synopsis  of  key  economic  evaluation 
methods  used  to  address  solar-related  issues.  Sections  2.3  through  2.6 
draw  from  representative  works  published  after  1972  that  illustrate  the 
application  of  economic  methods  to  the  different  kinds  of  problems  iden¬ 
tified  in  section  2.1.  Section  2.3  gives  examples  of  feasibility  studies  of 
solar  energy  systems.  Section  2.4  cites  examples  of  marketing  studies, 
particularly  those  that  highlight  factors  important  to  the  market  accep¬ 
tance  of  solar  energy  systems.  Section  2.5  discusses  economic  impact 
studies,  and  section  2.6  discusses  economic  studies  in  support  of  formu¬ 
lating  government  programs  and  policies.  To  illustrate  in  more  detail 
how  analysts  have  applied  economic  methods  to  evaluate  specific  kinds 
of  solar  energy  systems,  section  2.7  critiques  six  economic  case  studies 
from  the  literature.  Section  2.8  summarizes  the  chapter. 

2.1  Solar  Energy  Economic  Issues 

Various  solar  energy  issues  have  prompted  the  development,  adaptation, 
and  application  of  economic  methods.  The  term  “economic  methods" 
here  refers  to  systematic  approaches  to  understanding  economic  phe¬ 
nomena.  These  methods,  which  arc  either  newly  developed  or  adapted 
from  other  areas  of  economics  and  related  fields,  reflect  the  economic 
phenomena  to  be  investigated.  Therefore  a  useful  starting  point  in  re¬ 
viewing  these  methods  is  to  summarize  the  major  solar  energy  issues  that 
prompted  their  development. 

The  solar  economics  literature  reveals  at  least  four  major  issues,  each 
with  several  subdivisions.  These  issues  with  their  respective  subdivisions 
are  economic  feasibility  (includes  purchase  decisions,  financing  decisions, 
and  design/sizing  decisions),  marketing  (includes  factors  important  to 
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market  acceptance  and  potential  market  size),  economic  impact  (includes 
employment,  environment,  and  energy  supply  impacts),  and  government 
program  and  policy  formulation  (includes  incentives  and  penalties,  laws 
and  regulations,  demonstration  projects,  and  efficient  allocation  of 
public  research  and  development  funds). 

In  the  economic  feasibility  category  such  questions  as  the  following 
have  given  rise  to  economic  analyses:  Do  solar  energy  systems  have  the 
potential  for  cost-effectiveness  (that  is,  for  saving  more  than  they  cost 
over  the  long  run)?  Will  they  be  made  available  in  the  marketplace  and  at 
what  cost?  Will  individual  consumers  demand  them  and,  if  so,  under 
what  conditions?  What  designs  and  sizes  are  likely  to  be  most  cost- 
effective?  Will  systems  be  financed  by  lenders? 

In  the  marketing  category  key  questions  that  have  prompted  analyses 
are,  What  are  the  major  determinants  of  demand  for  solar  energy  systems 
and  the  market  barriers  to  widespread  acceptance?  How  do  we  predict 
the  sizes  of  various  markets  by  geographical  region,  type  of  investor, 
building  type,  and  in  the  aggregate? 

In  the  economic  impact  category  local,  state,  and  federal  governments 
have  asked  questions  about  the  impacts  of  solar  energy  on  local,  regional, 
and  national  economies,  including  employment,  the  environment,  and 
overall  energy  availability  and  costs. 

Finally,  the  formulation  of  government  programs  and  policy  has 
caused  investigation  into  the  issue  of  what  constitutes  appropriate  public 
policy  regarding  solar  energy.  Designing  effective  public  programs  to 
support  these  policies  requires  an  understanding  of  the  underlying  eco¬ 
nomic  relationships  concerning  solar  energy  and  a  predictive  capability 
to  test  alternative  actions. 

2.2  Synopsis  of  Economic  Methods 

A  variety  of  economic  methods  have  been  applied  to  solar-related  phe¬ 
nomena  to  address  the  issues  identified  here.  The  methods  vary  across 
applications  because  of  differences  in  objectives,  perspectives,  levels  of 
sophistication  and  comprehensiveness,  computation,  and  notation.  De¬ 
spite  this  diversity,  certain  economic  methods  are  prominent  in  the  solar 
economics  literature.  This  section  identifies  the  principal  economic 
methods  that  were  used  to  analyze  solar-related  issues  and  provides  brief 
descriptions  of  the  most  frequently  used  methods. 
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To  address  the  issues  identified  in  section  2.1,  researchers  have  drawn 
heavily  from  the  existing  literature  for  methods  of  evaluation.  For  ex¬ 
ample,  they  have  drawn  from  the  literature  on  benefit-cost  analysis,  such 
as  Mishan  (1976)  and  Dasgupta  and  Pearce  (1972);  from  the  literature  on 
capital  budgeting  and  financial  analysis,  such  as  Clark,  Hindelang,  and 
Pritchard  (1984)  and  Weston  and  Brigham  (1981);  from  the  engineering 
economics  literature,  such  as  Grant,  Ireson,  and  Leavenworth  (1976), 
Smith  (1973),  and  Au  and  Au  (1983);  from  the  operations  research  lit¬ 
erature,  such  as  Ackoff  and  Sasieni  (1968)  and  Hillier  and  Lieberman 
(1980);  and  from  the  econometrics  literature,  such  as  Klein  (1962)  and 
Dorfman  (1958). 

Methods  of  measuring  the  economic  performance  of  solar  energy  sys¬ 
tems  include  life-cycle  costing,  net  benefits  (savings),  required  revenue, 
internal  rate  of  return,  benefit-to-cost  (savings-to-investment)  ratio, 
payback,  levelized  cost  of  energy,  and  break-even  methods.  These  are 
briefly  described  in  the  following  paragraphs,  but  first  we  need  to  define 
the  nomenclature  used. 

The  study  period  is  designated  by  N.  The  discount  rate  is  d .  and  the  in¬ 
terest  rate  is  i.  The  reinvestment  rate  is  r.  A(  denotes  the  energy  system 
being  evaluated.  A2  denotes  a  mutally  exclusive  alternative  energv  svstem 
against  which  A j  is  evaluated.  Mutually  exclusive  alternatives  are  those 
for  which  accepting  one  automatically  means  not  accepting  the  others. 
For  a  given  project  one  mutually  exclusive  alternative  is  not  to  undertake 
the  project,  and  it  is  against  this  alternative  that  potential  investments  are 
compared  to  determine  their  cost-etlectiveness.  The  principal  alternative 
to  undertaking  a  project  is  referred  to  as  a  “base  case.”  Alternative  de¬ 
signs  and  sizes  of  a  project  for  a  given  application  are  also  mutually  ex¬ 
clusive.  CAl j  is  the  cost  in  year  j  for  the  system  fi^)  being  evaluated; 
cai,o  denotes  the  cost  at  the  beginning  of  the  period,  and  C(x)A1  ,  is 
the  cost  as  a  function  of  an  unknown  x.  CA2  j  is  the  cost  in  year  j  for  the 
mutually  exclusive  alternative  energy  system  (A,);  CA2Q  denotes  the  cost 
at  the  beginning  of  the  period.  BA1J  is  the  benefits  (positive  cash  flows  in¬ 
cluding  salvage  values  (SAlJ))  in  year;  for  Ay,  and  BA2  j  is  the  benefits  in 
year  j  for  A2.  Al:A2  denotes  the  evaluation  of  energy  system  Ax  relative 
to  alternative  A2.  The  composite  marginal  income  tax  rate  is  designated 
by  /.  All  cash  flows  are  adjusted  for  income  tax  effects.  The  total  annual 
energy  load  in  Btu/yr  (or  J/yr)  is  denoted  by  L. 
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The  first  method  for  evaluating  the  economic  performance  of  a  solar 
energy  system  is  the  life-cycle  cost  (LCC)  method.  The  unit  of  measure  is 
the  dollar.  In  this  method  the  relevant  present  and  future  costs  (less  any 
positive  cash  flows  such  as  salvage  values)  associated  with  an  energy 
system  are  summed  in  present  or  annual  value  dollars  over  the  study 
period.  These  costs  include  but  are  not  limited  to  the  facility’s  energy 
costs,  acquisition  costs  of  the  energy  system,  operation  maintenance,  and 
repair  and  replacement  costs.  The'  formula  for  LCC  is 

lcc^j  =  £  (cA1  -  ba1)j/(i  +  dy. 

j= o 

The  LCC  method  can  be  applied  to  determine  if  a  project  is  cost-effective 
and  to  find  which  combination  of  projects  of  variable  design  and  size  will 
minimize  long-run  costs  of  a  given  facility  while  meeting  performance 
requirements.  In  order  to  determine  whether  an  energy  system  is  cost- 
effective,  one  must  compare  the  LCC  of  the  energy  system  to  the  LCC  of 
the  base  case.  If  the  LCC  of  the  energy  system  is  lower  than  that  for  the 
base  case  and  the  performance  of  the  energy  system  in  other  aspects  is 
equal,  then  the  system  is  cost-effective.  To  use  the  LCC  method  to  size 
and/or  design  an  energy  system,  one  must  compare  the  LCCs  of  alterna¬ 
tive  sizes  and/or  designs  of  an  energy  system,  choosing  the  design  and  size 
that  meets  the  energy  needs  of  the  facility  at  the  lowest  LCC,  other  things 
being  equal.  To  find  the  combination  of  projects  that  minimizes  the 
overall  LCC  for  a  facility,  one  must  compute  and  compare  the  LCCs  of 
alternative  combinations. 

There  are  several  special  considerations  that  should  be  taken  into  ac¬ 
count  when  using  the  LCC  method.  The  method  is  most  suitable  when 
the  focus  is  on  costs  rather  than  on  benefits.  When  comparing  alterna¬ 
tives  based  on  their  LCCs,  benefits  (positive  cash  flows  such  as  salvage 
values)  must  be  held  constant  or  subtracted  from  costs.  Second,  effects 
that  are  not  measured  in  dollars  must  be  uniform  across  alternatives  or 
should  be  weighted  subjectively  by  the  decision  maker.  Third,  to  be  used 
as  a  decision  tool,  LCCs  must  be  computed  for  two  or  more  mutually  ex¬ 
clusive  alternatives  over  the  same  study  period,  such  as  LCCA1  and 
LCQ2.  Fourth,  if  the  budget  is  limited,  it  may  be  necessary  to  forgo  proj¬ 
ects  or  increments  to  projects,  even  though  they  lower  the  LCC  of  the 
building  or  facility,  in  order  to  realize  a  greater  savings  from  investing  in 
competing  projects  or  project  increments  with  higher  rates  of  return. 
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The  second  method  that  can  be  used  to  evaluate  the  economic  perfor¬ 
mance  of  a  solar  energy  system  is  the  net  savings  (NS),  or  net  benefits 
(NB),  method.  This  method  finds  the  net  difference  in  present-  or  annual- 
value  dollars  between  two  alternative  energy  systems.  The  formula  for 
finding  the  net  savings  (or  benefits)  in  dollars  is 

NS auai  =  LCC^  -  LCCA1 

or 

NR  =  V  ~  BA2)j  -  (CAl  -  CA2)j 

A1:A2  j=o  (i  +  dy 

The  NS  or  NB  method  can  be  applied  to  determine  if  a  project  is  cost- 
effective.  A  project  is  cost-effective  if  NS  or  NB  is  positive.  The  method 
can  also  be  used  to  find  the  best  project  design  and  size.  Once  again,  the 
net  savings  or  net  benefits  are  computed  for  each  design  and  size;  the  pro¬ 
ject  size  and  design  with  the  highest  NS  or  NB  is  the  optimal  choice.  And 
third,  the  NS  or  NB  method  can  be  used  to  determine  the  best  project 
mix.  In  this  application  one  wants  to  find  either  the  combination  of  cost- 
reducing  projects  for  a  given  facility  that  maximizes  net  savings  while 
achieving  a  given  level  of  benefits  or  the  combination  of  benefit- 
producing  projects  that  maximize  net  benefits. 

There  are  three  special  considerations  that  should  be  kept  in  mind 
when  using  the  net  benefit  or  net  savings  method.  First,  effects  not  mea¬ 
sured  in  dollars  must  be  uniform  across  alternatives  or  should  be  weighted 
subjectively  by  the  decision  maker  in  comparing  alternatives.  Second,  if 
there  is  no  budget  constraint,  net  savings  (net  benefits)  will  be  maximized 
by  accepting  all  independent  projects  and  all  increments  to  those  projects 
having  a  positive  net  savings  (net  benefits).  And  finally,  if  the  budget  is 
limited,  it  may  be  necessary  to  forgo  projects  or  increments  to  projects 
with  positive  net  savings  (net  benefits)  in  order  to  realize  a  higher  return 
Irom  investing  in  competing  projects  or  project  increments. 

The  third  method  that  can  be  used  to  evaluate  the  economic  perfor¬ 
mance  of  a  solar  energy  system  is  the  required  revenue  (RR)  method.  The 
unit  of  measure  is  the  dollar.  The  RR  method  divides  the  present-value  or 
annual-value  costs  (less  salvage  values)  associated  with  an  energy  system, 
adjusted  tor  income  taxes,  by  one  minus  the  composite  marginal  income 
tax  rate.  This  provides  a  measure  of  the  before-tax  revenue  in  present- 
value  or  annual-value  dollars  required  to  cover  the  costs  on  an  after-tax 
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basis.  The  formula  used  is 


RR^i  =  (1  -  0. 


The  required  revenue  method  can  be  used  to  decide  between  mutually  ex¬ 
clusive  alternatives  by  computing  the  required  revenue  for  each  alter¬ 
native,  such  as  RRA1  and  RRX2,  and  choosing  the  one  with  the  lowest 
required  revenue,  other  things  being  equal.  Special  considerations  are 
that  the  RR  method  is  commonly  used  in  utility  evaluations  and  that  it  is 
applicable  only  to  revenue-generating  investments. 

The  internal  rate  of  return  (IRR)  method  (unadjusted  and  adjusted)  is 
the  fourth  method  by  which  the  economic  performance  of  a  solar  energy 
system  can  be  evaluated.  The  method  is  used  to  find  the  compound  rate 
of  interest  (in  percent)  that  will  yield  zero  net  savings  (net  benefits)  when 
used  to  discount  the  differences  in  cash  flows  between  two  alternative  en¬ 
ergy  systems.  The  unadjusted  internal  rate  of  return  (UIRR)  method  is 
based  on  the  assumption  that  returns  from  the  project  are  reinvested  at  a 
rate  of  return  equal  to  the  rate  of  return  on  unrecovered  investment 
funds.  The  adjusted  (AIRR)  version  is  based  on  the  assumption  that  re¬ 
turns  from  the  project  are  reinvested  at  a  specified  rate,  which  may  differ 
from  the  rate  on  unrecovered  investment  funds. 

For  the  unadjusted  version  one  solves  the  following  equation  for  the 
interest  rate  i: 

£  ft,  -  Ba2)j  -  (CAl  -  CA2)j  ,,  ,  _  „ 

k - (TTTy  ( Ql°  -  A1°’  - 

Because  of  the  nature  of  this  equation,  there  may  be  multiple  solutions  or 
no  solution  for  the  unadjusted  internal  rate  of  return.  For  the  adjusted 
version  the  equation  to  be  solved  for  i  is 


-  BA2)i  ~  (CA1  -  CA2)j](l  +  rj)N-J 
n  , 


-  (Ql0  -  CA2o)  =  0. 


(i  +  0 


The  approach  used  to  estimate  the  cost-effectiveness  of  a  project  using 
the  IRR  method  involves  the  comparison  of  the  computed  IRR  of  an  en¬ 
ergy  system  with  the  investor’s  minimum  acceptable  rate  of  return 
(MARR).  The  project  is  cost-effective  if  the  IRR  is  greater  than  the 
MARR. 
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IRRs  can  be  used  for  design  and  size  determinations.  In  this  applica¬ 
tion  the  decision  maker  computes  the  IRRs  based  on  incremental  cash 
flows  by  comparing  each  design  and  size  of  a  project  with  the  design  and 
size  of  the  same  project  just  below  it  in  cost.  The  more  costly  design  or 
size  is  accepted  (resp.  rejected)  if  its  incremental  IRR  is  greater  than  (resp. 
less  than)  the  MARR. 

One  can  also  assign  priorities  to  independent  projects  under  a  budget 
constraint  according  to  the  descending  order  of  their  IRRs.  Using  the 
UIRRs  to  do  this  ususally  leads  to  a  reasonably-satisfactory  group  of 
projects  within  a  budget  constraint  but  may  not  maximize  net  benefits 
for  the  budget  even  if  the  budget  can  be  totally  expended.  Setting  priority 
among  independent  projects  according  to  the  descending  order  of  the 
AIRRs  will  maximize  net  benefits  provided  that  the  budget  can  be  totally 
expended.  If  project  costs  are  "‘lumpy,  so  that  the  budget  cannot  be 
used  up  exactly,  it  may  be  necessary  to  depart  from  AIRR  ranking  to 
maximize  net  benefits  from  the  budgeted  expenditure. 

The  savings-to-investment  ratio  (SIR)  [benefit  cost  ratio  (BCR  or  B  C)] 
method  finds  the  ratio  of  the  difference  in  future  net  cash  flows  of  one 
energy  system  relative  to  an  alternative  system  to  the  difference  in  their 
initial  investment  costs.  The  formulas  to  compute  the  ratios  are 


BCR 


AUA2 


y  [(^.4i  BA 2 )j  (Qi  —  CA2)j]!{\  4-  dy 

A  (CAi0  -  CA2o) 


smA1.A2  =  y  ^ _ Cai  V(1  +  d)i 

A  (Qi0  -  cA2o)  ■ 

The  SIR  or  BCR  method  can  be  used  to  estimate  the  cost-effectiveness 
of  a  project.  The  project  is  considered  cost-effective  if  the  ratio  is  greater 
than  one. 

The  decision  maker  can  use  SIRs  or  BCRs  for  design  and  size  deter¬ 
minations.  As  with  the  internal  rate  of  return  method,  the  analysis  must 
be  based  on  incremental  cash  flows,  where  each  design  and  size  of  a  proj¬ 
ect  is  compared  with  the  design  and  size  of  the  same  project  just  below  it 
in  cost.  One  would  accept  (resp.  reject)  each  more  costly  design  and  size  if 
its  incremental  ratio  is  greater  than  (resp.  less  than)  1.0  and  there  is  no 
budget  constraint  or  if  the  incremental  ratio  is  greater  than  (resp.  less 
than)  the  cutoff  ratio  and  there  is  a  budget  constraint. 

As  with  the  internal  rate  of  return  method,  a  decision  maker  can  assign 
priorities  to  independent  projects  in  descending  order  of  the  projects' 
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SIRs  or  BCRs.  Setting  priority  among  independent  projects  according  to 
the  descending  order  of  their  SIRs  will  maximize  net  benefits,  provided 
that  the  budget  can  be  used  up  exactly.  If  project  costs  are  “lumpy,”  so 
that  the  budget  cannot  be  used  up  exactly  be  adhering  strictly  to  SIR 
rankings,  it  may  be  necessary  to  depart  from  the  SIR  ranking  to  maxi¬ 
mize  net  benefits  from  the  budgeted  expenditure. 

The  sixth  method  for  evaluating  the  economic  performance  of  a  solar 
system  is  the  payback  (PB)  method ,  in  either  its  simple  (SPB)  version  or  its 
discounted  (DPB)  form.  The  method  finds  the  time  (usually  in  years)  re¬ 
quired  for  the  cumulative  difference  in  future  cash  flows  of  one  energy 
system  relative  to  an  alternative  system  to  just  equal  the  difference  in 
their  initial  investment  costs.  Simple  payback  ignores  the  time  value  of 
money  and  hence  misstates  the  true  time  to  payback.  Discounted 
payback  includes  the  time  value  of  money  and  hence  is  the  more  accurate 
method  for  finding  the  time  to  payback. 

The  method  involves  finding  the  minimum  solution  value  of  PB  for 
which 


g  1-  bA2)j  -  (c:A1 

j= 1 


CA2)j 


(i  +  dy 


=  cAU  -  c. 


A  2„ 


For  simple  payback,  d  =  0. 

The  payback  method  can  be  used  as  a  rough  guide  to  cost-effectiveness. 
One  solves  for  the  time  to  payback,  and,  if  this  time  is  significantly  less 
than  the  expected  project  life,  the  project  is  likely  to  be  cost-effective. 
When  project  life  is  uncertain,  one  can  perform  a  break-even  analysis  of 
project  life.  Again,  the  time  to  payback  is  calculated,  and  then  the  likeli¬ 
hood  of  the  project’s  actual  life  exceeding  the  solution  value  is  evaluated. 
The  solution  value  is  the  break-even  life.  In  addition,  the  payback  method 
can  be  applied  to  protect  the  initial  investment  in  the  face  of  uncertainty. 
If  risk  is  considered  to  be  an  increasing  function  of  time,  the  maximum 
acceptable  payback  period  (MAPP)  may  be  constrained  to  eliminate  proj¬ 
ects  that  require  a  relatively  long  time  to  recover  their  costs. 

It  should  be  noted  that  the  payback  period  method  does  not  provide  a 
comprehensive  economic  assessment.  The  investment  with  the  shortest 
payback  may  not  be  the  best  investment.  In  addition,  even  if  the  pay¬ 
back  measure  shows  the  number  of  years  to  payback  to  be  less  than  the 
project’s  life  or  the  investor’s  MAPP,  the  investment  may  not  provide  the 
return  expected  by  the  investor. 
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The  levelized  cost  of  energy  (LCOE)  method  can  also  be  used  to  eval¬ 
uate  economic  performance.  This  method  finds  the  annualized  cost  (in 
dollars)  per  unit  of  load  for  an  energy  system.  The  equation  is 

LCOE^j  =  £  [(CA1  -  Ba1)j/(\  +  dY]{d(  1  +  d)N/[(  1  +  d)N  -  1  ]}/L. 

j= 0 

The  LCOE  method  can  be  applied  to  determine  a  project’s  cost-effective¬ 
ness  and  its  optimal  design  and  size.  For  a  cost-effectiveness  determina¬ 
tion,  the  LCOE  is  computed  for  a  solar/auxiliary'  system  and  for  the 
base-case  energy  system.  The  solar/auxiliary  system  is  cost-effective  if  its 
LCOE  is  lower  than  that  for  the  base  case.  To  make  design  and  size  eval¬ 
uations,  one  must  compare  the  LCOEs  of  meeting  the  load  by  alternative 
combinations  of  solar/auxiliary  energy  and  choose  the  system  design  and 
size  that  meets  the  requirements  at  the  lowest  unit  costs,  that  is,  the 
lowest  LCOE. 

With  the  LCOE  method,  one  should  take  a  life-cycle  cost  approach  to 
developing  the  costs  for  both  conventional  and  solar  energy  systems. 
Present-value  life -cycle  costs  should  be  annualized  using  the  appropriate 
discount  rate,  so  that  costs  will  correspond  to  the  annual  load.  If  L  is 
fixed,  the  LCOE  can  be  interpreted  and  used  exactly  like  the  LCC 
measure. 

The  eighth  and  final  method  included  in  this  overview  is  the  break-even 
(tLE)  method.  This  is  a  flexible  method  in  which  the  value  of  a  designated 
input  parameter  is  computed  rather  than  given.  The  parameter  occurs  in 
the  cost  or  benefit  functions  of  an  energy  system,  and  its  solution  value 
causes  net  benefits  (or  net  savings)  to  equal  0.  For  example  find  the  value 
of  x  for  which 

.1  {(^4i  ~  ^Ai)j  —  [cCxXu  —  cA2]j}/(i  +  dy  =  o. 

The  B-E  method  can  be  used  to  target  specific  cost  reductions  or  perfor¬ 
mance  improvements  or  to  test  tor  conditions  of  minimal  acceptability.  It 
is  also  used  to  reflect  uncertainty  as  to  the  value  that  an  input  parameter 
should  be  assigned.  In  order  to  do  either,  one  first  specifies  an  evaluation 
model,  setting  net  benefits  equal  to  0.  The  designated  unknown  for  which 
a  break-even  calculation  is  desired  is  introduced  into  the  model,  and  the 
solution  value  is  calculated  algebraically. 
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It  should  be  noted  that  the  break-even  outcome  is  not  an  economically 
efficient  outcome.  Also,  if  the  benefit  functions  and/or  the  cost  functions 
are  nonlinear,  there  may  be  more  than  one  break-even  point. 

Mathematical  programming  methods  have  been  used  to  evaluate  the 
optimal  design  of  solar  energy  systems.  Production  theory  and  input/ 
output  theory  have  been  used  to  explore  the  relationships  between  the  in¬ 
puts  required  to  utilize  solar  energy  and  the  resulting  output.  Marketing 
survey  methods  have  been  used  to  investigate  the  determinants  of  de¬ 
mand  for  solar  energy  systems.  Market  penetration  analysis  has  been 
applied  to  predict  solar  markets.  Mathematical,  statistical,  and  other 
analytical  methods  have  been  used  in  the  quantitative  economic  analysis 
of  solar-related  issues. 

Most  contributions  to  solar  economic  methodology  have  been  adaptive 
rather  than  inventive;  that  is,  the  existing  knowledge  bases  in  economics, 
finance,  business  management,  operations  research,  and  engineering  eco¬ 
nomics  have  provided  the  basis  of  approach  in  each  of  the  four  issue  cate¬ 
gories  listed  in  section  2.1.  The  adaptive  nature  of  the  work  is  not  sur¬ 
prising,  because  economic  issues  related  to  solar  thermal  systems  are 
analogous  to  those  for  many  other  technologies  for  which  evaluation 
methods  are  well  established.  In  many  cases  the  major  challenge  has  been 
to  choose  the  appropriate  method  and  apply  it  correctly.  This  has  entailed 
constructing  detailed  models,  compiling  necessary  databases,  making 
reasonable  assumptions,  carrying  through  on  computations,  and  inter¬ 
preting  the  results.  In  most  cases  the  significant  contribution  has  been  the 
development  of  a  body  of  literature  and  experience  in  applying  existing 
economic  methods  to  solar  energy  issues.  For  this  reason,  sections  2.3 
through  2.6  give  representative  examples  of  works  for  each  of  the  cate¬ 
gories  of  issues,  with  little  further  description  of  the  economic  methods 
used,  as  they  are  introduced  in  a  general  way  in  this  section  and  are  covered 
in  subsequent  chapters  of  this  book. 

Although  the  contributions  to  solar  economic  methodology  have  been 
adaptive  rather  than  inventive,  they  are  nevertheless  extensive  and  impor¬ 
tant.  In  the  process  of  adapting  existing  methods  to  address  solar  energy 
issues  and  problems,  we  gained  new  insights,  refined  existing  solutions, 
developed  specialized  and  innovative  models,  significantly  expanded  the 
knowledge  base  pertaining  to  the  economics  of  new  technologies,  and  de¬ 
veloped  conclusions  about  the  economic  viability  and  sensitivities  of 
solar  energy  systems  under  specific  conditions. 
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2.3  Economic  Feasibility  Studies 

Many  solar  economic  feasibility  studies  were  done  during  the  1970s  using 
the  general  methods  of  section  2.2.  Some  of  these  assessed  potential  eco¬ 
nomic  feasibility  of  solar  energy  based  on  analyses  of  hypothetical  but 
representative  cases;  others  assessed  the  economic  feasibility  of  proposed, 
actual  systems.  The  former  tended  to  support  government  policy  deci¬ 
sions  regarding  the  allocation  of  public  research  and  development  re¬ 
sources;  the  latter  supported  individual  investment  decisions.  Most  of  the 
studies  used  some  type  of  life-cycle  costing  approach,  which  compared 
the  economic  performance  of  solar  energy  with  alternative  energv  svs- 
tems  in  terms  of  their  life-cycle  costs,  net  savings,  cost  per  unit  of  energy 
delivered,  rate  of  return  on  additional  investment  cost,  savings-to- 
investment  ratios,  or  payback  periods.  For  example,  residential  economic 
feasibility  studies  were  done  by  Lof  and  Tybout  (1973).  Duffie,  Beckman, 
and  Dekker  (1976),  Shams  and  Fichtenbaum  (1976),  Reid.  Lumsdaine, 
and  Albrecht  (1977),  and  Bezdek,  Hirshberg,  and  Babcock  (1979). 

Lof  and  Tybout  (1973)  performed  one  of  the  early  landmark  studies  of 
solar  economic  feasibility.  Lof,  an  engineer^  and  Tybout.  an  economist, 
solved  for  the  least-cost  combination  of  solar  and  conventional  heatins 
supplies  in  eight  U.S.  cities.  They  considered  predicted  performance  of 
flat-plate  collectors  and  heat  storage  systems  in  light  of  climate  data  and 
eight  design  parameters — house  size,  collector  size,  storage  size,  collector 
tilt,  number  of  transparent  surfaces  in  the  collector,  hot  water  demand, 
insulation  on  the  storage  unit,  and  thermal  capacity  of  the  collector.  They 
derived  capital  costs  for  noncollector  components  based  on  “personal  ex¬ 
perience”  and  expressed  cost  information  for  five  solar-heated  buildings 
as  functions  of  collector  area.  Collector  costs,  separated  into  fixed  and 
variable  components,  were  based  on  the  costs  experienced  by  several 
manufacturers.  A  6%  discount  rate  and  a  20-year  expected  life  were  used 
in  the  analysis.  Operating  and  maintenance  (O&M)  costs  were  excluded. 
A  computer  was  used  to  calculate  iteratively  the  least-cost  combination 
of  solar  and  conventional  heat.  The  optimal  combination  was  defined  as 
that  combination  for  which  the  marginal  costs  of  solar  and  conventional 
energy  are  equal.  Seven  design  and  demand  parameters  were  varied  to  de¬ 
termine  the  parameters  to  which  optimal  design  was  most  sensitive.  From 
this  parametric  analysis  Lof  and  Tybout  drew  conclusions  about  the  sig¬ 
nificance  and  effective  ranges  of  values  for  the  parameters  tested.  Design 
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professionals  and  other  researchers  subsequently  translated  their  results 
into  widely  used  rules  of  thumb. 

Lof  and  Tybout  used  economic  methods  that  included  amortization  of 
capital  costs,  marginal  cost  analysis,  sensitivity  analysis,  and  optimiza¬ 
tion  procedures,  that  is,  procedures  for  finding  the  least-cost  combina¬ 
tion  of  solar  and  conventional  energy  that  would  satisfy  the  thermal  re¬ 
quirements  of  the  building.  Later  papers  by  Lof  and  Tybout  (1974)  and 
Pogany,  Ward,  and  Lof  (1975).  expanded  the  Lof-Tybout  equations  of 
1973,  updated  their  analysis,  and  extended  it  to  include  combined  heating 
and  cooling  systems  in  two  regions. 

The  growing  interest  in  solar  energy  and  concern  about  economics  in 
the  mid-1970s  led  to  the  publication  of  several  resource  documents  that 
provided  guidance  on  how  to  perform  economic  analyses  of  solar  energy 
systems.  One  was  a  National  Bureau  of  Standards  (NBS)  publication  by 
Ruegg  (1975),  which  explained  and  illustrated  the  use  of  benefit-cost  and 
life-cycle  cost  methods  to  evaluate  and  compare  the  economic  efficiency 
of  solar  and  conventional  energy  systems.  This  publication  also  demon¬ 
strated  mathematically  and  graphically  the  conditions  needed  to  optimize 
economically  a  solar  energy  system  in  conjunction  with  the  thermal  re¬ 
sistance  of  the  building  envelope. 

This  general  reference  was  followed  by  an  analytical  review  of  solar 
economics  (McGarity,  1976)  for  the  Office  of  Energy  Research  and  De¬ 
velopment  Policy  of  the  National  Science  Foundation.  McGarity  gave 
present  value  and  annual  value  evaluation  methods  and  used  these 
methods  to  study  the  economic  feasibility  of  residential  solar  heating  in 
twenty  U.S.  cities.  His  analysis  included  the  effects  on  economic  feasi¬ 
bility  of  future  increases  in  conventional  fuel  prices. 

Other  reports  providing  general  guidance  for  performing  solar  eco¬ 
nomic  evaluations  were  Perino  (1979)  for  solar-equipped  buildings, 
Dickinson  and  Brown  (1979)  for  industrial  systems,  Doane  et  al.  (1976) 
and  Rudasill  (1977)  for  utility  systems,  and  Ruegg  (1986)  for  federal  solar 
building  projects.  Kreith  and  Kreider  (1976)  provided  another  introduc¬ 
tion  to  the  economic  analysis  of  solar  energy  systems.  Their  approach  es¬ 
timated  the  cost  of  solar  energy  in  dollars  per  amount  of  energy  supplied 
and  compared  this  cost  with  that  of  a  conventional  system.  They  pointed 
out  the  importance  of  combining  the  economic  analysis  and  optimization 
study  with  a  thermal  analysis  of  the  building. 

To  simplify  solar  life-cycle  cost  models,  Gershon  Meckler  Associates 
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(1976)  developed  procedures  for  grouping  and  regionalizing  parameters 
to  facilitate  “scenario  generation,”  cash-flow  analysis  for  comparing 
parameters,  and  assessment  of  uncertainty  in  parafneter  ranges. 

Alternative  approaches  to  the  revenue  requirement  (RR)  method  are 
documented  in  Rudasill  (1977),  Doane  et  al.  (1976),  Bennington  (1976), 
and  Phung  (1977).  RR  methods  compute  the  revenue  requirements  of 
the  project  such  that  the  present  value  of  the  stream  of  after-tax  revenue 
is  just  equal  to  the  present  value  of  the  life-cycle  costs.  The  example  in 
section  2.7.6  is  taken  from  Doane’s  report.  The  comparison  of  the  dif¬ 
ferent  RR  models  identified  three  areas  of  disagreement:  (1)  inflation 
assumptions  for  calculating  revenue  stream;  (2)  calculation  of  fixed- 
charge  rates  to  account  for  return  of  investment,  depreciation,  income 
taxes,  and  property  taxes;  and  (3)  formulation  of  the  cost  of  capital. 

Flaim  et  al.  (1981)  subsequently  concluded  that  comparing  solar  and 
conventional  utility  investments  based  on  required  revenue  per  unit  of 
energy  delivered  is  faulty  because  such  a  comparison  does  not  consider 
each  technology’s  ability  to  meet  peak  utility  loads — a  primary  consid¬ 
eration  in  any  electric  generation  system. 

Cassidy  and  Schirra  (1977)  expressed  concern  about  inconsistent  treat¬ 
ment  of  real  and  nominal  price  changes  among  evaluation  methods. 
Their  paper  presented  a  systematic  approach  to  treating  price  changes  in 
the  revenue  requirements  approach. 

Perino  (1979)  illustrated  that  both  constant  and  current  dollar  analyses 
yield  the  same  present  value  costs  if  performed  correctly,  a  point  made 
earlier  in  the  general  economics  literature.  The  example  in  section  2.7.1  is 
taken  from  Perino’s  report. 

Brandemuehl  and  Beckman  (1978)  consolidated  a  number  of  costs  into 
two  multiplying  factors  in  the  life-cycle  cost  method.  The  first  factor  in¬ 
cluded  any  costs  that  were  proportional  to  the  first  year's  fuel  costs;  the 
second  factor  included  costs  that  were  proportional  to  system  equipment 
costs.  The  first  factor  was  equivalent  to  a  uniform  present  worth  factor 
adjusted  to  include  a  constant  escalation  rate  and  to  incorporate  income 
tax  effects.  The  second  factor  incorporated  financing  and  property  tax 
effects,  as  well  as  maintenance,  parasitic  power,  insurance,  and  salvage 
value,  depending  on  the  complexity  of  the  problem.  They  used  their  sim¬ 
plified  expression  of  costs  to  perform  break-even  analysis  and  to  develop 
a  tabular  (or  graphic)  method  for  estimating  optimal  collector  area  and 
evaluating  the  economic  efficiency  of  a  solar  energy  system  for  locations 
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and  collector  types  that  are  frequently  assessed.  Their  sensitivity  analysis 
identified  a  tendency  toward  a  relatively  “broad  optimum,”  in  that  near 
the  optimum  value  relatively  large  changes  in  collector  area  resulted  in  re¬ 
latively  small  changes  in  life-cycle  savings. 

A  specific  procedure  for  evaluating  the  economics  of  solar  energy  sys¬ 
tems  in  federal  buildings  was  established  in  the  U.S.  Code  of  Federal 
Regulations  in  1979  based  on  conventional  methods  of  economic  analy¬ 
sis.  A  handbook  for  implementing  the  method  and  procedure  was  pub¬ 
lished  in  1980,  with  subsequent  revisions  (Ruegg,  1986).  The  method  calls 
for  designing,  sizing,  and  selecting  active  solar  energy  systems  to  mini¬ 
mize  total  life-cycle  building  costs;  it  also  calls  for  assigning  project 
priority  according  to  the  savings-to-investment  ratio  method.  A  distinc¬ 
tive  feature  of  the  handbook’s  method  is  that  it  provides  special  multi¬ 
plicative  factors,  “modified  uniform  present  worth  factors”  (UPW*), 
which  combine  DOE-projected  real  energy  price  escalation  and  adjust¬ 
ments  for  the  time  value  of  money  (discounting).  These  UPW*  factors  are 
updated  annually.  The  example  in  section  2.7.2  is  taken  from  Ruegg’s 
report. 

Sav  (1979)  linked  a  solar  life-cycle  cost  model  as  detailed  by  Ruegg  and 
Sav  (1981)  with  the  Los  Alamos  National  Laboratory’s  (LANL)  solar 
performance  model  to  develop  a  simplified  method  of  determining  the 
economically  optimal  size  of  a  solar  hot  water  system  for  a  commercial 
building.  Reducing  the  search  for  the  optimally  sized  system  to  a  single 
deterministic  equation,  Sav  introduced  the  concept  of  universal  economic 
optimization  path,  a  locus  of  points  describing  the  solar  collector  that 
maximizes  total  life-cycle  savings  from  solar  energy  for  a  range  of  com¬ 
mercial  hot  water  loads.  The  method  allows  the  development  of  “families 
of  curves”  for  different  climate  regions  and  for  different  economic  as¬ 
sumptions.  Sav  concluded  that,  for  a  given  climatic  region  and  fixed 
values  for  economic  parameters,  the  economically  optimal  solar  fraction 
is  uniquely  determined  and  independent  of  the  size  of  the  hot  water  load 
and  that  the  optimal  collector  size  is  directly  proportional  to  the  load. 
Sav  recommended  this  method  for  evaluating  the  sensitivity  of  system  de¬ 
sign  to  economic  parameters,  in  support  of  formulating  government  pol¬ 
icies.  This  approach  is  discussed  more  in  chapter  3. 

Sedmak  and  Zampelli  (1979)  used  the  net  present  value  method  and 
principles  of  dynamic  investment  planning  to  analyze  the  optimal  time  of 
investment  in  solar  energy,  defined  as  the  investment  time  for  which  net 
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present  value  savings  would  be  maximized.  They  demonstrated  that 
under  stated  assumptions  and  constraints  the  optimal  time  is  not  when 
the  net  present  value  over  the  life-cycle  is  positfve  but  rather  the  time 
after  which  there  are  no  negative  annual  net  cash  flows,  taking  into  ac¬ 
count  amortized  capital  costs,  energy  savings,  and  other  cash  flows. 
From  a  practical  standpoint  the  analysis  does  not  fully  link  the  invest¬ 
ment  timing  decision  regarding  a  solar  energy  system  with  that  regarding 
the  building.  If  a  solar  investment  is  deferred  until  after  a  building  is 
built,  for  example,  the  cost  functions  will  change.  Such  considerations 
could  alter  the  optimal  timing  decision  to  include  up-front  negative  cash 
flows,  since  deferring  the  solar  investment  could  lead  to  increased  nega¬ 
tive  cash  flows.  Despite  its  shortcomings,  this  work  was  noteworthy  be¬ 
cause  it  introduces  the  dimension  of  investment  timing  to  solar  economic 
analysis. 

Several  analysts,  such  as  Reiger  (1978),  Conopask,  Fonash.  and  East¬ 
erly  (1981),  and  Bezdek,  Hirshberg,  and  Babcock  (1979)  called  attention 
to  the  possible  disparity  between  predicted  purchaser  behavior  based 
on  a  particular  measure  of  economic  performance  and  actual  behavior. 
Conopask,  Fonash,  and  Easterly  (1981)  recommended  pairing  the  invest¬ 
ment  criterion  of  net  present  value  with  the  "apparent”  purchase  crite¬ 
rion  of  payback.  They  based  the  payback  criterion  on  a  previous  survey 
of  potential  users  in  specific  markets,  which  indicated  that  homeowners 
held  a  maximum  payback  criterion  of  eight  years  for  energv-using 
durables  in  new  houses  and  of  two  to  five  years  in  existing  houses.  The 
payback  criterion  of  commercial  building  owners  was  estimated  to  be 
from  five  to  seven  years  or  longer.  They  concluded  that  solar  energy  sys¬ 
tems  with  paybacks  longer  than  those  indicated  by  the  survey  are  in  a  pre¬ 
carious  market  position  even  if  they  are  life-cycle  cost-effective.  (Reiger's 
conclusions  are  treated  in  section  2.4  and  Bezdek's  in  section  2.6.) 

Researchers  at  the  University  of  New  Mexico  (UNM)  and  LANL  ( Roach. 
Noll,  and  Ben-David,  1979;  Noll  and  Thayer.  1979;  and  Balcomb.  1980) 
performed  the  major  work  in  passive  solar  economics  of  residential  build¬ 
ings.  LANL/UNM  researchers  developed  a  model  to  evaluate  the  eco¬ 
nomic  performance  ol  several  passive  solar  residential  design  features, 
including  thermal  wall  storage,  direct  gain,  and  attached  sun  space;  their 
model  allowed  for  varying  the  number  and  type  of  glazings,  volume  and 
type  of  storage,  area  of  glazing,  night  insulation,  and  other  features. 

Their  approach  computed  the  life-cycle  dollar  costs  and  savings  for 
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various  combinations  of  features  that  provide  the  same  solar  contribu¬ 
tion,  identified  the  minimum-cost  combination  for  each  solar  heating 
contribution,  traced  the  locus  of  all  minimum-cost  points  for  all  solar 
heating  contributions  to  form  an  optimized  expansion  path,  and  deter¬ 
mined  the  combination  of  passive  design  features  and  nonsolar  energy 
that  results  in  maximum  life-cycle  savings.  The  example  in  section  2.7.4  is 
taken  from  Balcomb’s  report. 

Powell  (1980)  extended  the  passive  evaluation  methodology  to  com¬ 
mercial  building  analysis,  including  possible  nonenergy  benefits  of  pas¬ 
sive  solar  design  in  the  model.  She  used  a  benefit-cost  evaluation  method, 
without  optimization,  and  discussed  in  detail  economic  assumptions  im¬ 
portant  to  applying  the  model.  The  example  in  section  2.7.3  is  taken  from 
Powell’s  report. 

Until  the  mid-1970s  economic  studies  of  active  solar  energy  systems 
focused  on  residential  buildings,  and  little  generic  study  was  done  of 
commercial  solar  applications,  with  the  exception  of  single-family  rental 
housing  and  small  nonresidential  buildings  whose  energy  requirements 
were  dominated  by  the  building  envelope.  This  residential  application 
focus  is  not  surprising  given  the  difficulty  of  generalizing  solar  economic 
performance  for  large  commercial  buildings. 

Ruegg  et  al.  (1982)  broadened  the  understanding  of  the  economics  of 
active  solar  energy  systems  for  commercial  buildings  by  developing  a  de¬ 
tailed  economic  evaluation  model  and  applying  it  in  a  series  of  case 
studies  for  which  they  documented  in  detail  their  data,  assumptions,  and 
findings.  Their  limited  optimization  model,  which  provided  a  computer 
code,  determined  the  least-cost  combination  of  solar  and  conventional 
energy  needed  to  meet  the  commercial  building’s  energy  requirements 
based  on  preestablished  envelope  and  equipment  characteristics  (that  is, 
interdependence  among  the  energy  system,  the  envelope,  and  various 
mechanical  equipment  was  not  evaluated).  Using  break-even  analysis, 
they  estimated  the  minimum  values  of  key  parameters  necessary  for  cost- 
effectiveness. 

The  feasibility  of  using  mathematical  programming  as  the  principal 
tool  for  finding  the  most  cost-effective  design  of  a  solar  energy  system 
was  explored  by  McGarity  and  Revelle  in  conjunction  with  the  study  by 
Ruegg  et  al.  (1982,  appendix  A)  and  by  McGarity,  Revelle,  and  Cohon 
(1981).  The  authors  questioned  the  prevailing  practice  of  using  a  single 
variate  optimizing  procedure,  with  collector  area  as  the  design  variable, 
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and  proposed  multivariate  optimizing  as  an  improved  approach.  They 
pointed  out  that  mathematical  programming  is  appropriate  for  finding 
numerical  values  for  a  combination  of  variables  that  optimize  an  objective 
function;  however,  mathematical  programming  is  subject  to  constraints 
imposed  by  required  resource  relationships,  particularly  when  inequality 
constraints  prohibit  or  make  it  difficult  to  use  traditional  economic  opti¬ 
mization  methods  employing  the  Lagrange  multiplier.  (An  objective  func¬ 
tion  is  the  rule  that  states  the  relationship  between  the  objective  and  the 
decision  variables;  a  constraint  is  a  relationship  that  specifies  feasible 
values  for  decision  variables.) 

To  facilitate  the  evaluation  of  solar  energy  systems,  analysts  have  de¬ 
veloped  several  computer  simulation  programs  that  combine  thermal  and 
economic  analysis.  These  programs,  for  the  most  part,  incorporate  life- 
cycle  costing  and  net  present  value  methods.  Some  were  written  to  search 
for  the  most  cost-effective  system  design/size,  whereas  others  were  limited 
to  evaluating  single  systems.  Important  among  these  were  f-chart  (Uni¬ 
versity  of  Wisconsin,  Madison,  1978,  1980),  solcost  (SOLCOST  Ser¬ 
vice  Center,  1980),  blast  (CYBERNET  Services,  1980),  doe-:  (Lawrence 
Berkeley  Laboratory,  1980),  fedsol  (Powell  and  Rodgers,  1981),  and 
solcom  (Petersen,  1983). 

Powell  and  Barnes  (1982)  compared  the  economic  methods  of  the  first 
five  of  these  computer  programs  and  assessed  their  differences  in  data 
and  assumptions.  Their  comparison  emphasized  factors  affecting  the  use 
of  the  different  models  for  analyzing  projects  for  federal  buildings,  but 
also  provided  an  overview  of  the  programs'  capabilities  for  evaluating 
private  sector  solar  investments.  Table  2.1  compares  the  economic  analy¬ 
sis  methods  of  these  programs.  Table  2.2  compares  their  input  variables. 
Chapter  3  gives  more  comparisons  of  these  programs. 

Petersen  (1983)  developed  solcom,  the  last  of  the  six  computer  pro¬ 
grams  listed  above,  which  was  significant  to  the  state  of  the  art  of  solar 
energy  economic  analysis  for  commercial  buildings.  Petersen  developed  a 
life-cycle  cost  optimization  algorithm  for  commercial  buildings  that  de¬ 
termined  the  optimal  overall  conservation  investment  strategy,  encom¬ 
passing  collector  size  tor  an  active  solar  energy  space  and  water  heating 
system,  modifications  to  the  nonsolar  heating  and  cooling  plant,  and 
modifications  to  the  building  envelope  to  reduce  seasonal  and  peak-load 
heating  and  cooling  requirements.  His  computer  program  integrated  data 
on  the  building  and  building  systems  performance  in  order  to  find  simul- 
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taneously  the  minimum  life-cycle  cost  solutions  for  the  three  investment 
categories.  But  unlike  the  other  computer  programs,  Petersen’s  program 
did  not  incorporate  the  energy  analysis  and  therefore  must  be  used  with 
an  energy  analysis  program  such  as  blast  or  doe-2. 

Petersen’s  model  was  based  on  previous  optimization  studies.  For 
example,  Sav  (1978)  described  and  depicted  graphically  the  economic 
conditions  for  optimizing  solar  and  energy  conservation  features  in 
buildings.  Balcomb  (1980)  presented  a  methodology  for  determining  the 
optimal  combination  of  investments  in  solar  energy  and  energy  conserva¬ 
tion  features  in  the  residential  building  envelope.  Noll  and  Thayer  (1979) 
described  graphically  the  trade-off  among  passive  solar  energy,  auxiliary 
energy,  equipment  size,  and  energy  conservation  features  in  houses. 
Barley  (1979)  developed  an  algorithm  for  jointly  optimizing  solar  equip¬ 
ment  size  and  insulation  levels  in  houses. 

Bendt  (1983)  reexamined  the  life-cycle  method  of  optimizing  solar  col¬ 
lector  size,  taking  into  account  the  considerable  uncertainty  in  assump¬ 
tions  and  future  projections.  He  observed  that,  given  the  uncertainty,  the 
range  of  design  conditions  for  which  life-cycle  costs  are  minimized  are 
broad  and  further  that  the  optimal  solar  fraction  for  practical  systems 
will  tend  to  fall  within  the  limited  range  of  30%-90%.  From  this  obser¬ 
vation  he  concluded  that  it  is  possible  to  approximate  the  optimal  system 
while  narrowing  the  search  among  candidate  collector  sizes.  He  derived  a 
rule  of  thumb  for  selecting  the  candidate  sizes  in  the  attempt  to  reduce  the 
number  of  iterations  required  to  identify  the  least-cost  size. 

2.4  Marketing  Studies 

Another  category  of  solar  energy  studies  in  which  economic  and  related 
methods  have  been  important  is  marketing  studies.  These  studies,  which 
have  employed  market  surveys  and  analysis,  real  estate  appraisal  tech¬ 
niques,  and  financial  analysis,  have  entailed  primarily  the  adaptation  of 
existing  methodology. 

Reiger  (1978)  called  attention  to  marketplace  perspectives,  particularly 
the  shortcomings  of  life-cycle  cost  analysis  for  predicting  the  market  ac¬ 
ceptance  of  solar  energy  systems.  He  pointed  out  the  importance  of  first 
costs  in  market  segmentation,  the  uncertainty  of  the  resale  market  as  an 
inhibiting  factor  to  sales,  the  possibility  of  negative  short-term  cash  flows 
(even  on  a  life-cycle  cost-effective  system)  as  an  unacceptable  burden  to 
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prospective  buyers,  and  the  likelihood  of  a  lender’s  tendency  to  under¬ 
assess  the  value  of  solar  energy  systems  in  calculating  loan  amounts. 

As  part  of  the  HUD  Residential  Solar  Energy  Program,  the  Real 
Estate  Research  Corporation  (1979)  interviewed  key  participants  in  the 
solar  construction  and  marketing  process  to  identify  trends  and  issues 
critical  to  market  acceptance  of  solar  energy.  They  used  a  general  market 
acceptance  model  to  identify  important  areas  and  organize  the  informa¬ 
tion.  The  survey  identified  the  following  actors  as  key  to  the  market¬ 
ability  of  houses  with  solar  energy:  builders,  purchasers,  construction 
lenders,  permanent  lenders,  utilities,  insurance  companies,  tax  assessors, 
planning/zoning  officials,  and  building  code  officials.  The  survey  data 
were  analyzed  to  identify  barriers  and  incentives  to  solar  acceptance 
affecting  each  type  of  actor.  The  study  was  limited  because  its  database 
did  not  provide  a  statistically  valid  sample  for  each  type  of  actor. 

To  support  market  analyses  of  passive  solar  designs,  Kirschner  et  al. 
(1982)  developed  a  pre-1980  housing  stock  database  for  220  solar  regions 
in  the  United  States.  This  database  was  significant  for  implementing  pas¬ 
sive  economic  evaluation  methods.  The  database  includes  housing  num¬ 
bers,  location,  age,  type,  and  space-heating  fuel  use. 

Because  it  recognized  the  financial  community's  role  in  solar  market 
acceptance,  DOE  sponsored  workshops  for  lenders,  appraisers,  insurers, 
and  tax  consultants  (DOE,  1979).  These  workshops  informed  the  finan¬ 
cial  community  of,  among  other  things,  the  methods,  barriers,  incentives, 
and  system  costs  to  use  in  evaluating  the  economics  of  solar  energy  prop¬ 
erties.  This  effort  was  significant  because  it  indicated  a  growing  aware¬ 
ness  of  the  important  role  of  financing  in  market  acceptance  and  the  need 
for  greater  dissemination  of  economic  methods  and  data. 

The  Conference  on  Financial  Issues  for  International  Renewable  En- 
ergy  Opportunities  (DOE  and  Brookhaven  National  Laboratory,  1981) 
investigated  financing  the  transfer  of  solar  technology  to  developing 
countries  in  the  context  of  developing  an  international  market  for  U.S. 
conservation  and  solar  technologies.  This  investigation  was  concerned 
with  sources  ol  funds,  long-term  market  forecasts,  and  economic  barriers 
and  incentives. 

Market  penetration  studies  of  solar  energy  systems  were  undertaken  to 
forecast  the  future  extent  of  solar  energy  sales  in  various  markets.  They 
generally  have  been  based  on  one  of  two  methods:  market  surveys  or  life- 


Economic  Methods 


39 


cycle  costing  combined  with  diffusion  analysis,  that  is,  models  for  pre¬ 
dicting  the  spread  of  the  solar  technology. 

Schiffel  et  al.  (1978)  described  and  compared  solar  market  penetration 
models.  These  included  System  for  Projecting  the  Utilization  of  Renew¬ 
able  Resources  (spurr),  developed  for  DOE  by  the  MITRE  Corporation 
(MITRE,  1978;  Bennington  et  al.,  1978);  Market  Oriented  Program  Plan¬ 
ning  System  (mopps),  developed  for  DOE  by  Energy  and  Environmental 
Analysis,  Inc.  (1977);  Solar  Heating  and  Cooling  of  Building  Commer¬ 
cialization  Model  (shacob),  developed  by  Arthur  D.  Little,  Inc.  (1977); 
and  SRI  Solar  Penetration  Model,  developed  for  DOE  by  Stanford  Re¬ 
search  Institute  (1977).  spurr  used  a  life-cycle  costing  method;  shacob, 
a  payback  method;  and  mopps  and  SRI,  a  cost  per  unit  energy  method. 
spurr  is  generally  considered  the  most  comprehensive  of  these  models;  it 
used  computer  simulation  with  a  database  comprising  economic,  market, 
and  climate  data  to  evaluate  the  impact  of  alternative  data  and  assump¬ 
tions  on  solar  market  shares.  Chapter  4  discusses  market  penetration 
studies. 

Similar  economic  methods  were  applied  to  the  study  of  photovoltaic 
market  potential,  as  summarized  by  Dernburg,  Depaso,  and  Fenton 
(1981). 

Warren  and  Wahlig  (1982)  combined  investment  analysis  and  market 
penetration  methods  to  derive  cost  goals  for  solar  energy  systems  that 
corresponded  to  targeted  market  shares.  From  market  studies  of  heat 
pumps,  they  identified  relationships  among  the  percentage  of  the  market 
captured,  the  payback  period,  and  the  rate  of  return  on  investment, 
which  allowed  them  to  express  the  market  penetration  goal  in  terms  of 
incremental  solar  system  cost  goals  as  a  function  of  the  year  of  purchase. 
This  approach  is  discussed  in  chapter  8. 

2.5  Impact  Studies 

Another  broad  area  of  solar  research  that  has  used  economic  methods  of 
evaluation  is  impact  assessment.  These  studies  have  assessed  such  diverse 
effects  as  the  impact  of  international  financial  institutions  on  markets  for 
solar  energy  systems,  the  impact  of  solar  energy  on  oil  imports,  the  im¬ 
pact  of  utility  rates  and  service  policies  on  solar  market  penetration, 
and  the  impact  of  solar  energy  on  employment.  Likewise,  the  economic 
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methods  employed  in  these  studies  have  been  diverse,  comprising  sources- 
of-funds  assessments,  institutional  analyses,  labor  economics,  market 
analyses,  pricing  policies,  and  input/output  analysis,  in  addition  to  the 
methods  of  investment  analysis  discussed  in  the  preceding  sections  and 
summarized  in  section  2.2. 

DeLeon  et  al.  (1980)  investigated  the  costs  of  our  dependence  on  for¬ 
eign  petroleum;  the  social,  economic,  and  political  costs  and  risks  attri¬ 
butable  to  purchasing  foreign  oil;  and,  given  estimated  levels  of  market 
penetration  by  solar  energy,  the  impact  of  solar  energy  on  petroleum  con¬ 
sumption.  The  authors  concluded  that  taking  into  account  the  social, 
political,  and  economic  costs  results  in  a  significantly  higher  cost  of  im¬ 
ported  oil  than  the  market  price.  They  applied  the  spurr  computer  simu¬ 
lation  model  to  estimate  the  amount  of  oil  that  might  be  displaced  by 
solar  energy  by  the  year  2000,  under  conditions  stipulated  by  the  Na¬ 
tional  Energy  Plan. 

Feuerstein  (1979)  evaluated  the  impact  of  utility  rates  and  service  pol¬ 
icies  on  solar  economic  feasibility,  focusing  on  the  issues  of  utility  refusal 
to  provide  auxiliary  service  to  solar  users,  utility  rates  that  discriminate 
against  auxiliary  service,  and  utility  refusal  to  purchase  excess  power  gen¬ 
erated  by  small-scale  producers  of  electricity  from  solar  technologies.  The 
study  pointed  out  that  the  validity  of  special  utility  rates  to  solar  users  de¬ 
pended  on  comparative  costs  ol  providing  service,  and  Feuerstein  con¬ 
ducted  an  economic  analysis  ot  selected  rate-making  practices. 

Concerned  with  the  impact  of  solar  energy  on  employment,  Ferris  and 
Mason  (1979)  reviewed  ten  regional  economic  models  for  their  capabil¬ 
ities  in  assessing  employment  impacts  ot  solar  energy  commercialization 
and  documented  the  steps  required  to  develop  the  appropriate  methods. 
They  discussed  the  following  general  analytic  methods  that  were  used 
by  the  regional  models:  economic  base  analysis  for  multiplier  estimation, 
demographic-economic  interaction  models  tor  forecasting  social  or  eco¬ 
nomic  data,  shift-share  analysis  for  estimating  and  projecting  regional 
economic  growth,  input/output  analysis  for  tracing  cash  flows  from  pro¬ 
ducing  to  consuming  sectors,  and  industrial  location  analysis  for  estimat¬ 
ing  the  location  of  industry.  The  advantages  and  disadvantages  of  the 
various  methods  are  discussed. 

Kort  (1980)  estimated  the  regional  economic  and  demographic  impacts 
ot  commercializing  solar  technology  by  linking  regional  demand  and  re¬ 
source  information,  a  national  input/output  model,  and  an  interregional 
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econometric  model.  Solar  impacts  on  output,  employment,  income,  un¬ 
employment,  and  population  were  estimated  for  the  fifty  states. 

Early  et  al.  (1979)  analyzed  the  macroeconomic  and  sector  output  and 
employment  implications  of  a  scenario  provided  by  the  DOE  Office  of 
Policy,  Planning,  and  Evaluation,  based  on  a  simulation  using  the  spurr 
model.  The  scenario  called  for  installing  2.2  million  solar  energy  units 
during  the  1976-1985  period. 

To  provide  a  basis  for  evaluating  the  economic  impact  of  solar  energy 
on  the  environment,  Krawiec  (1980)  reviewed  the  literature  on  measuring 
the  economic  costs  of  air  and  water  pollution,  focusing  in  part  on  the 
evaluation  methods.  Krawiec  concluded  that  market  studies  that  include 
property  value  and  wage  differential  assessments  would  be  useful  in  eval¬ 
uating  the  environmental  impact  of  solar  energy  in  economic  terms. 

Petersen  (1977)  used  an  augmented  input/output  method  to  identify  the 
economic  sectors  that  would  be  most  affected  by  increased  solar  utiliza¬ 
tion  and  to  derive  estimated  changes  in  sales  and  employment  for  131  sec¬ 
tors  of  the  U.S.  economy.  He  concluded  that  no  single  sector  of  the 
economy  would  likely  be  extremely  affected  by  solar  energy  development. 

DOE  sponsored  a  “Technology  Assessment  of  Solar  Energy”  project 
aimed  at  providing  policymakers  with  an  analysis  of  potential  health,  en¬ 
vironmental,  and  socioeconomic  impacts  related  to  large-scale  commer¬ 
cialization  of  solar  and  other  renewable  energy  technologies.  To  provide 
the  economic  basis  for  this  effort,  Mann  and  Neenan  (1982)  developed  a 
method  that  used  the  engineering  specifications  of  prototype  systems  in 
an  economic  input/output  analysis,  which  gave  cost  profiles  for  selected 
solar  energy  technologies.  The  issue  they  addressed  was  how  to  incor¬ 
porate  the  potential  solar  industrial  sector  within  the  existing  economic 
input/output  matrix,  with  the  objective  of  providing  a  tool  of  analysis  for 
tracing  the  impact  of  emerging  solar  energy  technologies  on  other  sectors 
of  the  economy. 

Pleatsikas  et  al.  (1979)  used  a  model  of  national  economic  structure 
and  growth  (the  Hudson-Jorgenson  Energy/Economic  Model)  to  assess 
the  implications  for  the  U.S.  economy  over  twenty  years  of  a  large-scale 
investment  program  in  solar  energy.  They  described  the  analytical  frame¬ 
work,  estimated  the  capital  and  operating  requirements  for  three  levels  of 
market  penetration,  and  exercised  the  model  to  evaluate  the  macroeco¬ 
nomic  effects  of  the  specified  levels  of  requirements. 
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2.6  Formulation  of  Government  Programs  and  Policies 

The  economic  methods  of  benefit-cost  analysis,  life-cycle  costing,  and  re¬ 
lated  methods  have  been  used  to  estimate  the  economic  feasibility  of 
competing  energy  technologies  under  alternative  governmental  policies. 
The  results  have  been  used  by  policymakers  to  guide  policy  formulation. 
These  methods  have  also  been  used  to  identify  promising  areas  of  re¬ 
search  and  to  guide  the  allocation  of  government  research  and  develop¬ 
ment  resources  among  competing  programs. 

A  number  of  studies  have  been  conducted  of  governmental  incentives 
for  solar  energy.  An  early  study  of  the  impact  of  tax  incentives  on  the 
utilization  rate  of  solar  energy  for  space  conditioning  was  performed  by 
Petersen  (1976).  This  study  took  a  macroeconomic  approach  and  fore¬ 
casted  impacts  of  sales  and  property  tax  exemptions,  income  tax  deduc¬ 
tions  and  credits,  rapid  amortization  provisions,  and  interest  rate  sub¬ 
sidies  on  future  utilization  rates  of  solar  energy  nationwide.  Petersen  used 
a  market  penetration  method  in  a  series  of  steps  to  estimate  solar  energy 
use  at  different  points  in  time  under  different  policy  assumptions.  One 
step  optimized  the  system  and  determined  the  cost-effectiveness  of  the 
system  with  and  without  incentives.  A  second  step  characterized  con¬ 
sumer  preferences  and  estimated  their  propensity  to  purchase  solar  en- 
ergy  systems.  A  third  step  calculated  the  number  of  structures  available 
for  solar  energy  use.  The  final  step  estimated  market  shares  according  to 
a  market  diffusion  model. 

As  Schiffel  et  al.  (1978)  point  out,  this  approach  has  two  major  short¬ 
comings:  lack  of  a  solid  theoretical  foundation  for  moving  from  the  cost- 
effectiveness  evaluations  to  the  diffusion  analysis  and  inadequate  attention 
to  actual  economic  decision  criteria  used  by  buyers  in  different  markets. 

RUPI,  Inc.  (1977)  used  a  market  survey  method,  utilizing  field  survey 
results  of  1,500  households  in  8  cities  to  develop  baseline  market  projec¬ 
tions  of  solar  energy  sales  and  homebuyer  response  to  alternative  incen¬ 
tives.  Emphasis  was  placed  on  the  relative  rather  than  the  absolute  esti¬ 
mates  of  costs  and  impacts  of  incentive  options.  Scott  (1977)  estimated 
demand  curves  for  solar  energy  by  calculating  consumer  utility  of  various 
options  based  on  survey  data. 

Ruegg  (1976)  used  a  microeconomic  analysis  model  employing  life-cycle 
costing  to  evaluate  the  impact  of  property  tax  exemptions,  tax  credits, 
grants,  sales  tax  exemptions,  and  income  tax  deductions  on  system  cost- 
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effectiveness.  Technology  &  Economics,  Inc.  (1979)  performed  a  para¬ 
metric  analysis  of  investment  tax  credit  programs  for  solar  industrial  pro¬ 
cess  heat  equipment,  using  a  present  value  model.  A  disadvantage  of  this 
approach  as  compared  with  the  market  penetration  approach  is  that  it 
focuses  on  estimating  cost-effectiveness  rather  than  on  the  extent  of 
market  acceptance. 

Battelle  Pacific  Northwest  Laboratories  (1978)  developed  a  typology 
of  incentives  that  has  been  used  to  increase  production  of  energy  from 
coal,  gas,  oil,  nuclear,  and  hydro  power.  This  contributed  to  an  under¬ 
standing  of  existing  energy  supply  curves  and  provided  useful  back¬ 
ground  to  analyzing  incentives  for  solar  energy. 

Bos  and  Weingart  (1983)  described  in  detail  the  legal  and  financial  im¬ 
pacts  of  the  Economic  Recovery  Tax  Act  of  1981  on  the  commercializa¬ 
tion  of  solar  thermal  electric  technologies.  Their  report  analyzed  the  role 
of  limited  partnerships  and  R&D  partnerships  in  the  financing  of  solar 
investments. 

Bezdek,  Hirshberg,  and  Babcock  (1979)  analyzed  the  economic  feasi¬ 
bility  in  1977  and  1978  of  solar  water  and  combined  water  and  space 
heating  for  single-family  detached  residences  and  multifamily  apartment 
buildings  in  four  U.S.  cities,  assessing  the  impact  of  the  federal  tax  credit 
in  the  National  Energy  Conservation  Policy  Act  (NECPA)  of  1978.  This 
was  not  an  optimization  study,  because  collector  size  was  predetermined. 
They  applied  regression  analysis  to  data  from  residential  solar  demon¬ 
stration  projects  to  estimate  cost  functions.  Their  study  emphasized  that 
market  acceptance  depends  on  the  particular  decision  criteria  of  the  con¬ 
sumer.  They  identified  three:  a  10-year  payback,  a  5-year  down  payment 
recovery  period,  and  a  3-year  net  positive  cash  flow.  For  commercial 
building  owners  they  used  a  criterion  of  a  15%  minimum  internal  rate  of 
return.  They  compared  calculated  measures  with  and  without  tax  incen¬ 
tives  against  the  assumed  decision  criteria.  The  residential  solar  energy 
system  was  defined  as  economically  feasible  if  two  of  the  three  decision 
criteria  for  homeowners  were  met. 

The  likely  impact  of  alternative  subsidy  programs  has  been  studied 
more  than  the  issue  of  what  is  the  magnitude  of  governmental  subsidies 
to  solar  energy  that  is  justifiable  on  economic  grounds.  In  theory,  to  de¬ 
termine  the  socially  justified  level  of  federal  investment  in  a  particular 
area,  we  estimate  the  magnitude  of  external  benefits  and  costs  that  are 
not  reflected  in  market  prices,  determine  the  socially  efficient  level  of  in- 
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vestment  using  estimates  of  total  social  costs  and  benefits,  estimate  the 
level  of  private  investment,  and  estimate  the  extent  of  underinvestment  by 
comparing  the  socially  efficient  level  with  the  level  of  private  investment. 
A  public  incentives  program  to  bring  total  investment  up  to  the  socially 
efficient  level  may  then  be  attempted.  This  requires  knowledge  of  the 
likely  impact  of  different  incentives.  In  practice,  however,  the  quantita¬ 
tive  estimation  of  externalities  is  difficult. 

Cost  assessments  and  economic  evaluations  of  government  demonstra¬ 
tion  programs  comprise  another  category  of  economic  studies  that  sup¬ 
port  government  programs.  Primarily  these  studies  use  the  same  economic 
methods  as  those  discussed  in  section  2.3;  however,  they  are  distinguished 
by  their  focus  on  system  costs  and  possibilities  for  cost  reductions,  and 
their  greater  use  of  empirical  data. 

Ormasa  (1979)  analyzed  detailed  cost  relationships  and  potential 
means  of  cost  reductions,  focusing  on  the  cost  competitiveness  of  ten 
solar  energy  systems  in  the  National  Solar  Heating  and  Cooling  Demon¬ 
stration  Program,  as  indicated  by  the  costs  per  unit  of  energy  and  by  the 
discounted  payback. 

King  et  al.  (1979)  also  analyzed  costs  using  empirical  construction 
costs  from  the  Demonstration  Program.  They  regressed  system  costs 
against  collector  area  to  determine  how  system  costs  were  affected  as  a 
result  of  increased  system  size  and  assessed  costs  of  collectors,  support 
structures,  piping,  ductwork,  insulation,  controls,  and  storage  by  type  of 
storage  container. 

2.7  Case  Examples 

This  section  presents  six  case  examples  of  economic  evaluations.  These 
case  examples,  drawn  from  work  completed  under  DOE  sponsorship 
during  the  last  several  years,  assess  two  active  solar  systems  in  different 
market  sectors,  one  commercial  space  heating  system,  one  residential 
passive  solar  system,  one  solar  industrial  process  heat  system,  and  one 
utility-owned  solar  electric  system.  They  are  summarized  and  accompanied 
by  a  critique  and  suggestions  for  possible  alternative  approaches. 

The  measures  ot  merit  used  by  the  six  examples  include  life-cycle  costs, 
net  present  value,  internal  rate  ot  return,  and  busbar  energy  cost.  In  spite 
of  these  different  measures,  there  is  a  common  use  of  discounted  cash 
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flow  methods  to  determine  the  present  value  of  cash  flows  such  as  in¬ 
vestment  cost  (PVSYS),  interest  payments  (PYINT),  and  depreciation 
(PVDEP).  Because  these  cash  flows  are  common  to  most  of  the  examples, 
they  are  presented  in  summary  form  in  the  pages  that  follow  with  expla¬ 
nations  or  comments  given  onlv  when  their  calculation  departs  from  the 
standard  procedures. 

The  monetary  values  in  these  examples  are  meant  for  illustrative  pur¬ 
poses;  they  are  not  accurate  and  are  certainly  not  up-to-date  costs  for 
these  solar  systems.  In  these  examples  dollar  values  have  been  converted 
to  a  1985  basis. 

We  have  modified  the  notation  in  these  case  examples  to  ensure  con¬ 
sistency  among  the  examples.  We  define  all  notation  in  the  presentation 
of  the  inputs  for  each  example,  except  for  the  following  two  discounting 
operations:  (P/AdtN)  and  (A/Pdt N). 

(P/Ad  N)  is  the  uniform  multiple-payment  present  worth  factor.  It  con¬ 
verts  N  equal  payments  made  at  the  end  of  each  of  N  consecutive  periods 
to  the  equivalent  amount  in  the  present  using  the  discount  or  interest 
rate  d: 


(P/ -A d,  N  ) 


1  ~[1/(1  +d)f 

d 


(. A/Pd'N )  is  the  uniform  capital  recovery  factor.  It  uses  the  discount  rate  d 
to  convert  a  present  value  to  the  equivalent  value  of  each  of  N  equal  pay¬ 
ments  made  at  the  end  of  each  of  N  consecutive  periods: 


/  *  /  n  \  *  d 

(AIP“-n)  =  (?/Th  =  T  -  [1/(1  +d)f- 

2.7.1  An  Active  Solar  Energy  System  for  Residential  Space  Heating 

This  example  comes  from  a  report  by  Perino  (1979)  that  presents  a 
methodology  for  determining  the  economic  feasibility  of  residential  and 
commercial  solar  energy  systems.  The  example  compares  the  life-cycle  cost 
(LCC)  of  a  solar  energy  system  with  that  of  a  conventional  energy  system. 
Other  measures  of  economic  performance  are  not  included  since  the  pur¬ 
pose  of  Perino’s  report  is  to  present  a  methodology  for  calculating  life-cycle 
costs.  The  example  makes  no  attempt  to  examine  optimal  sizing,  sensitivity 
to  uncertainties,  etc. 
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Example 

A  homeowner  desires  to  assess  the  value  of  a  solar  space  heating  system  with  an  electric 
backup  unit  for  his  new  home.  The  conventional  alternative  it  a  natural  gas  furnace.  Either 
system  will  be  financed  through  the  30-yr  home  mortgage.  All  costs  are  estimated  in  1978 
dollars  and  converted  to  1979  dollars  in  the  analysis  using  the  general  inflation  rate. 

Data 


Solar  system  cost  (including  backup) 

IC,  =  S6.000 

Backup  electricity  cost 

X  =  SlOO/yr 

Gas  furnace  cost 

ICc  =  51.800 

Conventional  alternative  natural  gas  cost 

fc  =  5250  yr 

First  year  of  operation 

To  =  1979 

Price  year 

TP  =  1978 

Analysis  period 

N  =  20  yrs 

Mortgage  period 

N,  =  30  yrs 

General  inflation  rate 

g  =  5% 

Discount  rate 

d  =  10% 

Mortgage  interest  rate 

i  =  8.5% 

Electricity  price  annual  escalation  rate 

et  =  7% 

Natural  gas  price  annual  escalation  rate 

et  =  10% 

Down  payment  (%  of  initial  cost) 

D  =  20% 

Annual  O&M  cost  (%  of  initial  cost) 

O&M  =  1.5% 

Homeowner’s  marginal  income  tax  rate 

/  =  30% 

Tax  credits  (%  of  initial  solar  system  cost) 

TC  =  0% 

Property  tax  rate 

/p  =  0% 

Computations 

Perino  calculates  the  LCC  of  both  the  solar  energy  system  and  the  conventional  alternative 
The  LCC  of  the  solar  energy  system  is  subtracted  from  that  of  the  conventional  alternative 
to  yield  “solar  savings.” 

LCC  of  the  Solar  Energy  System 

The  present  value  of  each  component  ol  the  LCC  is  calculated  and  summed  with  the 
others  to  yield  the  LCC. 


Economic  Methods 


47 


Commentary 

1979  dollars  are  used  as  this  is  the  year  that  Perino’s  report  was  published.  At  the 
conclusion  of  the  example  we  will  express  LCC  in  1985  dollars  to  be  consistent  with  the 
rest  of  this  report. 


Parasitic  energy  costs  are  not  explicitly  accounted  for. 


All  discount,  interest,  and  escalation  rates  include  inflation. 


Recurring  replacement  costs  are  not  explicitly  included. 


Federal  solar  tax  credits  did  not  exist  when  Perino’s  report  was  published. 

Perino  gives  no  reason  for  assuming  a  zero  property  tax  rate.  She  presumably  assumes  that 
solar  energy  systems  are  exempt. 


Perino’s  “solar  savings”  is  simply  the  net  present  value  (NPV)  of  the  solar  system 
investment.  All  present  value  calculations  use  nominal  costs  together  with  a  nominal 
discount  rate.  This  calculation  is  often  preferred  over  using  real  costs  and  rates,  since 
financing  costs  are  unchanging  in  current  dollars  in  the  standard  level  payment  loan. 


This  is  the  traditional  approach  to  LCC  calculation. 
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Example 

•  PV  of  system  cost  (PVSYS):  , 

PVSYS  =  IC,  (1  +  g)y°~y - 

x  {D  +  (1  -  D)  x  [(A/PUNi)  x  (PIAd'„)  +  PVLB (i,Nf,d,N))} 


where  PVLB(/,  N„  d,  N)  =  the  present  value  of  the  balance  on  a  loan  of  one  dollar 

at  the  end  of  the  analysis  period 

(1  +  if'  -  (I  +  i  f 
(1  +  df[(l  +  if'  -  1] 

PVSYS  =  $6,000(1.05)' {0.2  +  (1  -  0.2)[0.093  x  (8.51  +0.091)1} 

=  $5,706 

PV  of  interest  payments  (PVINT): 

PVINT  =  ics  (1  +  gy°-*p 

+  l(A/PUNl)  X  (P/Adtfl)l 


1  +/• 

PVINT  =  $6, 000(1. 05)' (1  -0.2)  {16.01  x  [0.085  -  0.093] 

+  [0.093  x  8.51]} 

=  3,344 

•  PV  of  recurring  costs  (PVRC): 

PVRC  =  [O&M  x  IC.  (P/\N)]  +  [/b  x  (P/A,"„)] 

,  _  1  +  d  1  d 

where  g  =  - - 1  and  e.  = - 1 

1  +  g  1  +  ec 

PVRC  =  (0.015  x  6,000  x  12.72)  +  (100  x  15.15)  =  2.660 

•  LCCSoi.r  =  PVSYS  +  PVRC  -  (/X  PVINT) 

=  5,706  +  2,660  -  [0.3  x  3,344]  =  7,364 
LCC  of  the  Conventional  System 

The  same  equations  used  for  the  solar  system  costs  are  also  used  for  the  present  value  of  the 
conventional  system  costs.  Thus,  only  the  numerical  values  are  presented. 
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Commentary 


The  term  (1  +  gyo~yp  is  required  to  inflate  the  initial  system  cost  expressed  in  1978  (yp) 
dollars  to  the  cost  in  the  first  year  of  operation,  1979,  which  is  the  base  year  for  the 
present  value  calculation. 

The  choice  of  an  analysis  period  shorter  than  the  financing  period  requires  that  the 
remaining  loan  balance  at  the  end  of  the  analysis  period  be  accounted  for.  An  alternative 
approach  might  be  to  extend  the  analysis  period  to  equal  the  finance  period  and  to  adjust 
the  O&M  cost  to  reflect  additional  component  replacement  costs. 

Capital  investment  analysis  usually  separates  financing  considerations  (sources  of  funds) 
from  project  evaluations  (uses  of  funds).  The  entire  acquisition  cost  is  generally  treated  as 
an  initial  cash  outlay,  regardless  of  whether  the  acquisition  is  financed  or  paid  for  in  cash 
when  evaluating  the  economic  merits  of  a  project.  In  this  example,  setting  the  discount  rate 
(10%)  higher  than  the  mortgage  interest  rate  (8.5%)  has  the  effect  of  reducing  the  present 
value  acquisition  costs  and  making  the  solar  energy  project  appear  more  cost  effective  than 
it  would  be  otherwise.  This  should  be  an  argument  for  borrowing  when  the  loan  interest 
rate  is  lower  than  one’s  opportunity  cost,  rather  than  support  for  buying  solar  energy. 

Interest  payments  beyond  the  analysis  period  are  ignored. 


O&M  costs  are  simply  represented  as  a  function  of  the  initial  system  costs.  If  the  data  are 
available,  a  more  accurate  representation  would  to  be  separate  out  the  replacement  costs 
from  routine  maintenance  costs. 


In  this  example,  property  taxes,  tax  credits,  and  salvage  value  are  assumed  equal  to  zero. 
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Example 

•  PVSYS  =  1, 800(1. 05)1  {0.2  +  (1  -0.2)[(0.093  x  8.51)  +  0.Q91]} 

=  1,712 

•  PVINT  =  1 ,800(1 .05)1  (1  -  0.2) {16.01  x  [0.085  -  0.093]  +  [0.093  x  8.51]}  =  1,003 

•  PVRC  =  (0.015  x  1800  x  12.72)  +  (250  x  20.0)  =  5,343 

'  LCCconventjonal  =  1,712  +  5,343  -  (0.3  x  1,003)  =  6.754 
Solar  Savings 

Solar  savings  is  the  difference  between  the  two  LCC  values: 

Solar  savings  =  LCCconventional  -  LCCMlar  =  -610 
Thus  the  solar  system  is  not  economic. 
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Commentary 

All  interest  rates  and  loan  periods  are  the  same  as  in  the  solar  LCC  calculation  since  the 
loan  is  the  house  mortgage. 


Since  the  discount  rate  and  the  natural  gas  escalation  rate  are  the  same,  the  present  value 
of  annual  natural  gas  payments  is  simply  20  times  the  first  year  payment. 


Npy  =  $_610.  This  NPV  value  is  expressed  in  1979  dollars.  To  convert  it  to  1985  dollars 
we  can  apply  the  GNP  implicit  price  deflators  between  1979  and  1985  to  yield 

NPV1985  =  NPV1979  x  1.421 

=  $-610  x  1.421  =  $-867. 

Of  course,  this  conversion  to  1985  dollars  accounts  only  for  inflation.  Any  cost  changes  or 
technological  innovations  are  not  accounted  for  by  such  a  conversion. 


2.7.2  An  Active  Solar  Energy  System  for  Space  Heating  in  a 
Government  Building 

In  1980  (revised  1982  and  1987)  the  National  Bureau  of  Standards  (NBS) 
under  contract  to  DOE  developed  a  manual  for  evaluating  the  cost- 
effectiveness  of  renewable  energy  and  energy  conservation  projects  in 
government  buildings  (Ruegg,  1987).  The  following  hypothetical  example, 
provided  by  the  NBS  report  to  illustrate  the  recommended  evaluation 
method,  determines  the  net  present  value  of  an  active  solar  energy  space 
heating  system  retrofitted  in  a  government  office  building  in  Phoenix, 
Arizona.  The  example  compares  the  net  present  value  of  two  different  solar 
energy  system  designs  at  the  optimal  collector  size  for  each  design,  assum¬ 
ing  the  existing  distillate-fired  boiler  is  used  as  a  backup  system  to  the  solar 
energy  system,  or,  alternatively,  is  used  to  supply  100%  of  the  heating 
requirements.  All  dollar  values  are  given  in  1985  dollars. 
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Example 


This  example  is  considerably  simpler  than  the  preceding  residential  example.  Because  it  is 
a  federal  analysis,  there  are  no  taxes,  tax  deductions,  tax  credits,  or  financing  considerations. 
This  example  also  differs  from  the  previous  ones  in  that  all  calculations  are  made  in  con¬ 
stant  dollars. 


Data 


Solar  energy  system  fixed  cost 
Solar  energy  system  variable  cost 
Collector  area 

Conventional  system  distillate  fuel  cost 
Analysis  period 
Real  discount  rate 
Distillate  price  indices  (I) 


1985 

1986 

1987 

1988 

1989 

1990 

1.00 

0.97 

0.98 

1.01 

1.06 

1.10 

1992 

1993 

1994 

1995 

1996 

1997 

1.24 

1.32 

1.39 

1.46 

1.52 

1.58 

1999 

2000 

2001 

2002 

2003 

2004 

1.71 

1.78 

1.83 

1.89 

1.95 

2.02 

Annual  O&M  cost  (%  of  initial  cost) 
Salvage  value  (%  of  initial  cost) 

Solar  fraction 

Annual  space  heating  load 

Distillate-fired  furnace  efficiency 


ICrf  =  $33,620 

ICSV  =  $26/ft2  ($280  m2) 

CA  =  1000  ft2  (92.9  m2) 

/b  =  $5.80/106  Btu 
N  =  20  yr 
d,  =  7% 

1991 

U7 

1998 

~L64 

2005 

Z08 

O&M  =  1% 

SV  =  20% 

SF  =  0.51 

L  =  500  x  10* *  Btu  (473  GJ) 
%  =  0.60 


Computations 

LCC  of  the  Solar  Energy  System 

•  The  initial  capital  investment  for  the  solar  energy  system  is 
1CS  =  ICsr  +  (ICSV  x  CA)  =  33,620  +  (26  x  1000)  =  $59,620 

•  The  LCC  of  the  solar  with  backup  is 


LCC,olar  =  0.91C.  +  [IC,  x  O&M  x  (P/Ad  „)]  - 

(1  +dr)N 

+  -(1  -  SF  )fh(P/A,'d"N) 

Vd 
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Commentary 

Using  constant  dollars  is  a  good  choice  in  this  example  since  no  finance  payments  or 
depreciation  deductions  are  fixed  in  current  dollars.  It  is  also  the  approach  recommended 
by  the  U.S.  Office  of  Management  and  Budget  (OMB)  for  analyzing  federal  investments. 


Results  for  other  sizes  are  shown  at  the  conclusion  of  this  example.  This  size  (1,000  ft2) 
was  estimated  to  be  least-cost  size  (although  it  was  not  found  to  be  cost-effective  in 
comparison  with  the  conventional  system). 

A  20-year  study  period  is  suggested  by  the  Federal  Solar  Buildings  Program  guidelines.  A 
7%  real  discount  rate  (i.e.,  not  including  inflation)  was  required  for  federal  solar  analyses 
by  the  Energy  Security  Act  (P.L.  96-294,  Sec.  405,  1980). 

These  price  escalation  rates  are  projected  by  the  Energy  Information  Administration  of  the 
U.S.  Dept,  of  Energy  and  are  intended  to  promote  consistency  of  assumptions  among 
federal  energy  analysts. 


The  O&M  cost  appears  low  since  it  must  include  parasitic  energy  costs  and  nonrecurring 
replacement  and  repair  costs.  The  federal  guideline  is  to  use  between  1%  and  4  /o  of  initial 
cost  for  federal  solar  energy  projects.  The  guideline  is  to  assume  a  zero  salvage  value  unless 
more  definitive  information  is  available. 


The  initial  system  cost  has  been  reduced  by  10%  to  account  for  the  nonmonetary  benefits 
of  solar  energy.  This  adjustment  is  patterned  after  the  10%  tax  credit  for  business  invest¬ 
ments  in  solar  energy  that  was  in  effect  at  the  time  the  federal  methodology  was  developed. 

Using  the  real  discount  rate  in  the  O&M  portion  of  the  LCC  computation  implies  that 
O&M  costs  are  assumed  to  escalate  at  the  same  rate  as  inflation. 
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Example 


where 


P/A.,d,  * 


N 


=  1 

11=1 


7(1985  +  n) 
(1  +  d)n 


(/  =  projected  fuel  price  index 
n  =  counter  to  designate  each  year) 


LCCsolar  =  (0.9  x  $59,620)  +  ($59,620  x  0.0 1  x  10.59) 
-  ($59,620  x  0.20  x  0.26) 

500 

+  —(l  -  0.51)$5. 80(14. 30)  =  $90,739 

U.6 


LCC  of  the  Conventional  Alternative 


conventional  *  Aj  ,d  n) 

Vi 


LCC 


conventional 


500 

=  —  x  $5.80(14.30)  =  $69,1 16 
0.6 


Net  Present  Value 

The  NPV  is  the  difference  between  the  two  LCC  values: 

NPV  =  LCCconven[ionaI  -  LCCsolar 
=  $69,116  -  $90,739 
=  -$21,623 

The  example  presents  results  for  other  sizes  of  this  design  (design  A)  and  a  second 
design  (design  B): 


Size 

(ft2)’ 

NPV,  1985$ 

Design  A 

Design  B 

0 

0 

0 

450 

-24,570 

-31.877 

675 

-22,547 

-  30.463 

1 ,000 

-21,623 

-30,034 

1,500 

-25,729 

-35,647 

2,275 

-38,730 

-52,434 

a.  (  x  0.0929  =  m2). 


None  ol  the  systems  in  this  illustration  yields  a  positive  net  present  value.  However, 
if  a  system  is  to  be  installed,  the  best  one  is  design  A  with  1,000  ft2  (92.9  m2)  of  collector 
(the  example  given  above.) 
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Commentary 

PjAldN  factors  are  published  annually  by  the  National  Bureau  of  Standards  based  on 
updated  projections  of  fuel  price  indices. 


The  hypothetical  solar  energy  system  is  not  economic  even  when  the  initial  cost  is  reduced 
by  10%  to  account  for  externalities. 

Another  way  of  comparing  would  be  to  compare  the  cost  of  only  the  solar  energy  supplied 
(excluding  backup)  with  the  cost  of  only  the  distillate  fuel  replaced. 


The  example  also  calculates  the  savings-to-investment  ratio  for  the  preferred  solar  energy 
system  to  compare  with  other  projects  on  other  buildings.  All  dollars  are  1985  dollars  and 
the  energy  price  projections  are  as  of  1985. 
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2.7.3  Solar  System  for  Commercial  Space  Heating 

In  a  report  prepared  by  NBS  for  DOE,  Powell  (1980)  analyzed  a  vertical 
solar  wall  collector  with  rockbed  storage  for  space  heating  retrofit  in  a 
commercial  building.  The  solar  energy  system  is  compared  against  both 
oil-fired  and  electric  conventional  systems  using  life-cycle  costs,  internal 
rate  of  return,  and  the  savings-to-investment  ratio.  Sensitivities  to  many 
of  the  economic  assumptions  are  also  presented. 


Example 

This  example  differs  from  the  residential  examples  primarily  in  the  fact  that  O&M  expenses 
are  deductible,  as  is  depreciation  of  the  system.  Since  the  example  was  constructed  prior  to 
the  passage  of  the  tax  bills  of  1981  and  1982,  some  of  the  depreciation  computations  are  no 
longer  applicable.  Powell  makes  all  mortgage  calculations  on  a  monthly,  rather  than  annual, 
basis.  All  first-year  costs  are  presented  in  1979  dollars.  Furthermore.  1979  is  also  the  base 
year  for  which  all  present  value  calculations  are  made.  To  conform  with  the  rest  of  this 
document  we  also  express  the  LCC  in  1985  dollars  at  the  end  of  this  example.  We  examine 
only  the  LCC  calculations. 

Data 


Solar  energy  system  cost 
(excludes  sales  tax) 

IC,  =  $4,711 

Sales  tax 

S=  $162 

Oil  cost  in  first  year 

fc  =  $67.28 

Analysis  period 

JV=  15yr 

Finance  period 

jV,  =  20  yrs 

General  inflation  rate 

g  =  6% 

Discount  rate  (nominal) 

d=  12% 

Mortgage  interest  rate  (nominal) 

i  =  3% 
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Commentary 

Powell  describes  the  system  in  this  example  as  a  passive  system  even  though  it  employs  a 
fan,  a  controlled  air  distribution  system  with  dampers,  and  rockbed  storage. 


Powell  derives  this  cost  as  the  sum  of  the  individual  component  costs. 


As  in  the  preceding  example,  the  analysis  period  has  arbitrarily  been  chosen  shorter  than 
the  finance  period. 


Financing  is  assumed  to  be  available  at  a  subsidized  rate.  If  the  subsidized  rate  is  only 
available  for  financing  the  solar  energy  system,  the  use  of  a  higher  discount  rate  to  dis¬ 
count  the  cash  flows  is  questionable  given  that  the  borrower  does  not  have  the  opportunity 
to  use  the  funds  for  other  purposes  that  have  a  return  of  12%. 
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Example 

Oil  price  escalation  rate  1979-1985 

(annual  compound  rate)  1 986- 1 990 

1991-1994 

Oil  furnace  efficiency 

Down  payment  (%  of  initial  cost) 

Annual  O&M  cost  (%  of  initial  cost) 

Combined  state  and  federal  income  tax  rate 
Combined  state  and  federal  capital  gains  tax  rate 
Combined  state  and  federal  tax  credits 
Value  of  system  at  end  of  investment  period 


eoi  =  11.1% 
eoi  ~  8% 
e03  =  11.2% 
1o  =  60% 

D  =  25% 
O&M  =  1% 
t  =  34.9% 
it  =  33% 
TC  =  20% 
EC,  =  SI  5,830 


Depreciation  period  _ 

Computations 

Powell’s  example  does  not  include  the  actual  computations.  The  calculations  shown 
here  are  recreated  from  Powell’s  methodology. 

LCC  of  the  Solar  Energy  System 


The  present  value  of  each  component  of  the  LCC  is  calculated  first.  All  mortgage 
payments  are  accounted  for  on  a  monthly  basis  (as  opposed  to  annually).* 

•  Present  value  of  system  cost  (PVSYS): 


PVSYS  =  (ICS  +  S) 


D  +  (l  —  D){[12  x  {A/ PI *;) (P IAj_  „ )] 


where 


+  PVLB(i',  Nf,  d,  N,  N')}  - 


TC 
1  +  d 


PVLB(i',  Nf,  d,  N,  N') 


(1  +  /')*?  -  (1  +  /')*' 
(1  +</)"[(  1  +  i')Ni  -  f] 


PVSYS  -  (471 1  +  162)  |0.25  +  (1  -  0.25)  x  [(12  x  0.0055  x  6.81)  +  0.0564)  -  -° -“vj 


=  2,197 
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Commentary 

These  are  based  on  1979  price  projections  of  the  Energy  Information  Administration  of  the 
U.S.  Dept,  of  Energy. 


This  is  a  low  value  for  O&M  especially  $ince  it  includes  parasitic  energy  costs  and  major 
replacement  costs. 


This  assumes  the  system  value  is  90%  of  the  initial  value  and  that  the  current  dollar  cost 
has  escalated  by  9%  annually.  This  assumption  is  extremely  optimistic  and  is  an  unusual 
way  of  estimating  the  salvage  value. 

Straight  line  depreciation  is  assumed. 


Accounting  for  monthly  mortgage  payments  rather  than  annual  payments  produces  less 
than  a  1%  change  in  the  result. 


Seventy-five  percent  of  the  pretax  credit  cost  is  financed. 

Tax  credits  are  discounted  for  one  year  and  are  applied  to  the  sales  tax  as  well  as  the  system 
cost. 
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Example 

•  Present  value  of  interest  payments  (PVINT): 

PV1NT  =  (IC,  +  S)(l  -  D)[{(P/A.'N)H'  -  (A/Pr'rfKP/Ar.u)} 

+  [12  x 

.  -r  1  +d 

where  i  = - -  —  1 

(1  +  i')12 

PVINT  =  (4,711  +  1 62) ( 1  -  0.25)  {[8.2084(0.0025  -  0.0055)11.8073] 

+  [12  x  (0.0055)  (6.81)]} 

=  $577 

•  Present  value  of  depreciation  deduction  (PVDEP): 

PVDEP  =  ICS  x  /  x  ~(P/Ad  N) 

-**D 

=  4,71 1  x  0.349  x  —(6.81)  =  $560 
20 

•  Present  value  of  recurring  costs  (PVRC): 

PVRC  =  O&M  (IQ  +  S)(P/A^n)(  1  -  t) 

.  _  1  +d 

where  g  = - 1 

1  +  g 

PVRC  =  0.01  (4,711  +  162)  (9.93 1 )  ( 1  -  0.349)  =  $315 

Present  value  of  system  resale  less  capital  gains  and  recapture  taxes  (PVR): 


=  $2,009 

•  LCCsolar  =  PVSYS  +  PVRC  -  (f  x  PVINT)  -  PVDEP  -  PVR 
=  2,197  +  315  -  (0.349  x  577)  -  560  -  2.009 
=  $-259 
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Powell  assumes  straight  line  depreciation  over  20  years.  Accelerated  depreciation  over  a 
shorter  period  is  allowed  by  the  1986  Tax  Reform  Act. 


Conventional  fuel  costs  are  included  in  the  LCC  of  the  conventional  alternative.  If  this 
were  a  new  system  (not  a  retrofit),  backup  fuel  costs  should  be  included  in  the  solar  LCC  so 
the  oil  and  electric  backup  systems  could  be  compared. 


Where  gains  above  the  depreciated  value  but  less  than  the  initial  purchase  price  are  treated 
as  ordinary  income,  PVR  is  calculated  as  follows: 


PVR  = 


ECS  -  ld(ECs  -  ICS)  -  lx  IC 


N 

“An 


/(I  +df  =  2,014. 


This  formula  is  appropriate  only  for  straight  line  depreciation, 


ECS  >  ICS,  and  ND  >  N. 

This  result  differs  slightly  from  Powell’s  (-295)  as  Powell’s  calculation  includes  an 
arithmetic  error. 

The  unusual  negative  LCC  value  is  a  result  of  very  optimistic  assumptions  for  the  loan 
interest  rate  and  the  salvage  value  of  the  system. 
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Example 

LCC  of  the  Conventional  Alternative 


LCC„, 


(1  -z)/c'PV 


where  PV  =  £ 

j=i 


lo 

N '  /1+^V 


+ 


+  •••  + 


1  +  d 

1  +  eoi 


+  e. 


01 


1  +d 


1  +d 

N'  ' 1  +  e, 


I 

J= i 


1  +  e02 

1  +d 


1  +d 


\NK-l  Nx  /  \  , 

OX-1  \  £  /  *  +  CoK 


J=  1 


1  + 


and  A"  is  the  number  of  different  fuel  escalation  rate  periods. 
LCCcon  =  (1  -  0.349)67.28(1 3.23)/0.6  =  966 
Net  Life-Cycle  Benefits  (NLCB) 

NLCB  =  LCCcon  -  LCCsolar 
=  966  -  (-259) 

=  $1,225 


a.  Monthly  parameters  are  denoted  in  the  equations  by  a  prime. 
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Since  the  solar  system  is  a  retrofit,  the  only  conventional  costs  are  the  fuel  costs  of  the 
replaced  fuel.  We  examine  the  oil  system  costs. 


NLCB  is  essentially  the  same  as  net  present  value  (NPV).  It  is  expressed  in  this  example  in 
1979  dollars.  To  convert  it  to  1985  dollars  we  apply  the  GNP  implicit  price  deflator 
between  1979  and  1985  to  yield 

NLCB1985  =NLCB1979  x  1.421 

=  $1,225  x  1.421  =  $1,741. 

The  energy  price  projections,  however,  are  as  of  1979. 
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2.7.4 


Example 

For  the  house  in  Santa  Fe,  New  Mexico,  Balcomb  determines  the  optimal  level  of  expen¬ 
ditures  in  conservation  and  passive  solar  in  the  following  example: 

Data 


Conventional  alternative  electricity  cost 

Electricity  price  escalation  rate 

Analysis  period 

Mortgage  period 

General  inflation  rate 

Discount  rate 

Mortgage  interest  rate 

Down  payment  fraction  (%  of  initial  cost) 

Annual  O&M  cost  (%  of  initial  cost) 

Property  tax  rate  (%  of  initial  cost) 

Homeowner’s  marginal  income  tax  rate 
Resale  value  annual  escalation  rate 
Annual  space  heating  energy  consumption 
(assumes  no  conservation  or  solar  improvements) 

Computations 

Balcomb  first  determines  the  maximum  level  of  investment  in  conservation  and  passive 
that  could  be  economically  justified  assuming  100%  savings  of  the  energy  by  solving  the 
following  equation  for  the  initial  cost  (IC). 

(p/Ad,N)  x  FCR  x  IC  =  L  x/c  x  (PIA''^) 

.  _  1+4 

where  e,  = - 1 

1  +ee 

and  FCR  =  fixed  charge  rate 

Balcomb  determines  the  following  intermediate  values: 

(P/AdtN)  =  7.0236 
FCR  =  0.0831 


(P/A,„h)  =  10.5283 


Solving  foi  IC,  Balcomb  determines  that  the  combined  conservation  and 
can  cost  as  much  as  $26,650  if  all  the  conventional  fuel  is  replaced. 


passive  systems 
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Commentary 

/c  =  S20.51/106  Btu  (S19.44/GJ) 
ee  =  8% 

N  =  10  yrs 
N{  =  30  yrs 
g  =  6% 
d  =  7% 
i  =  10% 

£>  =  15% 

O&M  =  1% 
tP  =  2% 
t  =  25% 
er  =  4.5% 

L  =  71.8  106  Btu  (75.7  GJ) 


This  equation  equates  the  present  value  cost  of  the  conservation  and  solar  systems  to  the 
present  value  cost  of  conventional  fuels  if  no  investment  is  made,  i.e.,  it  produces  the  break¬ 
even  investment  level  IC  assuming  100%  of  the  conventional  fuel  is  replaced. 


We  have  not  been  able  to  replicate  Balcomb’s  calculations  exactly.  We  calculate 
FCR  =  0.0747  using  the  following  formula: 

FCR  =  (A/PitN)[ PVSYS  -  t  x  PVINT  +  PVRC  -  PVSALVAGE] 


(P/Ad,N)  (1  +  i)N<  -  (1  +  i)N 
(P/AUN[)  (1  +  d)N[(l  +  i)N‘  -  H 


where 

PVSYS  =  D  +  (l-D) 

\,NtJ 

PVSYS  =  1.1735 

f  (P/Ad,N) 

PVINT  =  (1  -  D)UpIA,n)/0-  +  -  (A/Pi.s,)]  +  (p/A 


where  i  =  - - r  — 

1  +  i 

PVINT  =  0.5784 
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Example 


Figure  2.1 

Trade-offs  between  conservation  (added  insulation,  glazing,  etc.)  and  passive  solar  (Trombe 
wall)  investments.  Cost  in  1979  dollars  (  x  1.421  =  1985  dollars).  From  Balcomb  (1979). 


To  determine  the  optimal  total  investment  amount.  Balcomb  examines  the  points  along 
the  optimal  mix  line  of  the  graph  of  figure  2.1  and  determines  the  point  at  which  the 
maximum  dollar  savings  occur. 

1  or  example,  at  an  investment  of  $6,000  the  optimal  mix  yields  an  energy  savings  fraction 
of  F(6,000)  =  84.5%.  The  savings  at  this  point  is  calculated  as 

savings6  000  =  (26,650  x  0.845)  -  6,000 
=  $16,519. 

By  examining  several  points  Balcomb  determines  that  the  optimum  total  investment  occurs 
at  $7,160  ($3,1 10  for  conservation  and  $4,050  for  passive)  with  a  total  energy  savings 
of  F(1 , 1 60)  =  90.45%.  At  this  point  the  total  dollar  savings  is 

savings,  160  =  (26,650  x  0.9054)  -  7,160 
=  $16,970. 
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Commentary 


PVRC  =  (O&M  +  tp)(P/AS'N) 

1  +d 

where  e  = - 1 

1  +S 

PVRC  =  0.2850 


PVSALVAGE  = 


1  +  erY 
1  +d 


0.78945 


Although  Balcomb  correctly  calculates  the  optimal  investment  level,  his  total  dollar  savings 
is  incorrect.  The  savings  cannot  exceed  the  present  value  of  the  conventional  fuel  costs  if 
no  investment  was  made;  i.e.  savings  <  L  x  fz  x  (P/ASctN)  =  $15,504. 


Savings  should  be  calculated  as  follows: 

savings7160  =  [15,504  x  F(IC)]  —  [IC  x  FCR  x  ( P/AdtN)\ 

=  (15,504  x  0.9045)  -  (7,160  x  0.0831  x  7.0236) 
=  $9,858 

(in  1985$  the  savings  are  $14,009). 
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2.7.5  A  Solar  Industrial  Process  Heat  System 

This  example  is  drawn  from  a  report  by  Dickinspn  and  Brown  (1979) 
prepared  at  Lawrence  Livermore  Laboratory  for  DOE.  It  is  similar  to  the 
commercial  sector  example  presented  earlier  in  that  the  financing  and  tax 
considerations  are  comparable.  It  differs  in  that  the  measure  of  merit 
calculated  is  the  internal  rate  of  return  and  that  all  calculations  are 
based  on  the  revenue  required  to  cover  all  costs  (as  opposed  to  the  costs 
themselves). 


Example 


Data 


Solar  system  cost  per  unit  annual  output 


IC,/£=  S60'(106  Btu  yr) 
(S56.9  GJ/yr) 


Conventional  alternative  fuel  cost  in  first  year 


fc  =  S7.60  106  Btu 
(S7.20/GJ) 


Analysis  period 


N=  5yr 


Finance  period 
Depreciation  period 
General  inflation  rate 
Interest  rate 

Conventional  fuel  price  escalation  rate 
Down  payment  (%  of  initial  cost) 
Annual  O&M  cost  (%  of  initial  cost) 
Marginal  income  tax  rate 
Tax  credit  (%  of  initial  cost) 
Conventional  system  efficiency) 
Replacement  costs 
Salvage  value 


\ 


^  =  5  yr 
At  =  5yr 

g  =  6% 

i  =  9% 
e,  =  8% 

D  =  70% 
O&M  =  1% 
t  =  50% 
TC  =  20% 
t]Q  =  0.714 
0 
0 
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Commentary 


For  illustration,  Dickinson  and  Brown  compute  NPV  on  a  year-by-year  basis.  To  reduce 
the  length  of  the  example  the  analysis  period  was  set  to  only  5  years. 
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Example 


Computations 

The  internal  rate  of  return  is  found  by  solving  the  following  equation  iteratively  for  d: 
IC,^  fc(PIA'"N)(A/Pd'N) 


FCR  x 


=  0 


( 

1  +d 

where  e,  = - 1 

1  +e, 

To  solve  this  equation  the  fixed  charge  rate  (FCR)  must  be  calculated: 

FCR  =  (A/Pd,N)  j[0&M(Z>/4,iv)]  +  -p1— dPVSYS  -  (/  x  PVINT)  -  PVDEP] j 
1  +d 

where  g  = - 1 

1  +g 

and  the  present  values  for  the  system  cost,  interest  and  depreciation  are  calculated  as 
shown  below: 

•  PVSYS  =  D  +  (1  -  D)^[(AIPUNt)(PIAd_N)}-^^ 

0.2 

TTd 


=  0.7  +  (1  -0.7)^0.257^/^^)] 


PVINT  =  (1  -  D)  -  (A/Puk,)]  +  [(A/P^UP  An)]}] 


_  1  +d 

where  i  = - 1 

1  +  i 

=  (1  -  0.7) 

PVDEP  =  -~-(P/Ad  N) 
Nd 

0.5 

=  — (P/An) 


(P/A j.Nl) 
1  +  0.09 


(0.09  -  0.257) 


+  [0.257(/>  Ad, 


An))} 


Solving  iteratively  for  d  yields  d  =  10%.  Thus  the  internal  rate  of  return  is  10%. 
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Dickinson  and  Brown  chose  to  equate  levelized  annual  costs  rather  than  life-cycle  costs 
since  their  methodology  is  centered  around  levelized  revenue  requirements.  Using  the  inter¬ 
mediate  value  FCR  (fixed  charge  rate)'is  common  in  utility  economics  but  is  not  normally 
used  in  industrial  evaluations. 


In  this  example  PVSYS,  PVINT,  and  PVDEP  are  defined  as  the  present  value  of  the 
system,  interest,  and  depreciation  for  a  capital  investment  of  one  dollar.  Their  sum  in  the 
FCR  formula  is  divided  by  (1  —  t).  This  accounts  for  the  taxes  paid  on  the  revenue  required 
to  cover  nondeductible  capital  costs. 


Straight  line  depreciation  is  assumed.  Accelerated  depreciation  as  provided  for  under  the 
1986  Tax  Reform  Act  would  yield  a  slightly  higher  return  on  investment. 
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2.7.6  Utility-Owned  Central  Station  Plant 

This  example  is  taken  from  a  report  by  Doane  et  ak  (1976)  prepared  for 
the  Energy  Research  and  Development  Agency  and  the  Electric  Power 
Research  Institute.  The  example  illustrates  Doane’s  methodology  for 
computing  annualized  revenue  requirements  and  levelized  busbar  energy 
costs.  In  addition  to  the  utility-specific  considerations,  the  example  illu¬ 
strates  the  treatment  of  an  extended  construction  period  and  nonrecurring 
replacement  costs.  Although  the  example  as  presented  by  Doane  is  for  a 
photovoltaic  plant,  Doane  emphasizes  that  it  is  not  specific  to  a  particular 
system  type. 


Example 

A  utility  intends  to  install  a  200-MW  solar  power  plant  to  be  on  line  in  1990.  All  costs 
are  expressed  in  1975  dollars. 

Data 

Initial  system  costs 


1985 — Land,  design  engineering,  etc. 

1CL  =  S50  x  106 

1989 — Construction  costs 

1CB  =  $125  x  10' 

Nonrecurring  replacement  costs  in  2005 

\ 

RC  =  $60  x  106 

First  year  of  operation 

y0  =  1.990 

Analysis  period 

N  =  30  yr 

Interest  rate  on  debt 

id  =  8% 

Annual  rate  of  return  on  common  stock 

4  =  12% 

Annual  rate  of  return  on  preferred  stock 

4  =  8% 

Ratio  of  debt  to  total  capitalization 

Ra  =  0.5 

Ratio  of  common  stock  to  total  capitalization 

>3 

II 

O 

Ratio  of  preferred  stock  to  total  capitalization 

*P  =  0.l 

General  inflation  rate 

£  =  5% 

Escalation  rate  for  capital  costs 

gc  =  5% 

Escalation  rate  for  O&M  costs 

J?c  =  6% 
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The  capital  costs  are  assumed  to  occur  at  the  end  of  each  of  the  years  listed. 
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Example 


tp  =  0.02 


7  =  0.0025 
I  =  40% 

O&M  =  $3  x  106 
£  =  7  x  105  MWh 


Annual  property  taxes  (as  a  fraction  of  initial  costs) 

Annual  insurance  premiums  (as  a  fraction  of  initial  costs) 

Marginal  income  tax  rate 
Annual  O&M  cost 
Annual  energy  output 
Computations 

•  The  effective  discount  rate  d  and  the  fixed  charge  rate  FCR  are  computed  first. 
[(1  —  O^D'd]  +  (7?c'c)  +  (7?p<P) 

d=  [(1  -  0.4)0. 5  x  0.08]  +  (0.4  x  0.12)  +  (0.1  x  0.08)  =  0.08 
FCR  =  ^—t[{A!Pd'N)  -  PVDEP]  +  /„  +  / 


PVDEP  is  the  present  value  of  depreciation 

PVDEP  =  — 

N 

1  f  0.4\ 

FCR  = -  0.089  - +  0.02  +  0.0025 

1  —  0.4  \  30/ 

=  0.148 

•  The  present  (1990)  value  of  the  initial  system  cost  (IC,)  expressed  in  dollars  in  the  first 
year  of  operation  (1990)  is 

ICS  =  (1  +  gc)U985-1975+l,(1  +  rf)(I989-1985,ICL  +  (J  +  £c)U989-197S-mIC]j 

+  (1  +£c)<2005-1975  +  1)(1  +  rf)(1989-2005,RC 

=  (1.05)"(1.08)*(50  X  106)  +  (1.05)1S(125  x  106)  +  (1.05)3,(F08)-,6(60  x  106) 
=  $455.7  x  106 

•  The  present  value  of  operating  and  maintenance  (PVO&M)  is 
PVO&M  =  (1  +go&M)(1990-1975,O&M(P//(io.M.)v) 

u  -  l+d  , 

where  gOAM  =  — - 1 

PVO&M  =  (1.06) 15 (3  x  106)(22.75)  =  $163.6  x  106 
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As  noted  in  the  text,  the  FCR  as  calculated  here  for  a  utility  is  different  from  an  FCR 
calculated  for  an  industry.  The  principal  difference  is  in  the  use  of  an  effective  discount  rate 
to  account  for  tax  deductibility  of  interest  and  the  delayed  repayment  of  principal.  Note 
that  the  income  tax  deductibility  of  property  taxes  is  not  accounted  for  and  that  O&M 
costs  are  not  included  as  part  of  the  FCR. 


Straight  line  depreciation  is  assumed  with  a  depreciation  period  equal  to  the  analysis  period 
of  30  years.  Although  this  depreciation  schedule  is  legal,  the  1986  Tax  Reform  Act  permits 
double  declining  balance  depreciation  of  utility  investments. 


Since  the  data  give  the  costs  in  1975,  the  costs  must  be  escalated  to  the  year  in  which  they 
occur.  For  those  costs  that  are  not  incurred  at  the  beginning  of  the  first  year  of  commercial 
operation  (the  present  in  the  present  value  calculations)  a  discount  factor  is  applied.  The 
“  +  1”  in  the  exponent  accounts  for  the  assumption  that  capital  expenditures  occur  at  the 
end  of  the  year;  the  present  value  is  assumed  to  be  measured  at  the  beginning  of  the  year. 
Replacement  costs  are  also  included  in  the  initial  costs. 
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Example 


The  annual  revenues  required  (ARR)  are 
1 


ARR  = 


(1  +*)1M0 
1 


—  {(FCR  x  IC.)  +  [M/Z^PVO&M]} 


—  [(0.148  x  455.7  x  106)  +  (0.089  x  163.6  x  106)] 

(1.05)15  LV  '  V  1 

=  $39.5  x  106 

•  The  levelized  busbar  energy  cost  in  1975  dollars  based  on  a  nominal  discount  rate 
(BBEC)  is 


BBEC  = 


ARR 


E 

$39.5  x  106 
7  x  IO5  MWh 


=  $0. 0564/kWh 


•  The  levelized  busbar  energy  cost  in  1975  dollars  based  on  a  real  discount  rate 
(BBECr)  is 

BBECr  =  BBEC(P/Ad  N)(A/P $  N) 

1  +  d 

where  g  = - 1 

1  +  g 


\ 


BBECr  =  0.0564(1 1.26)  (0.050) 
=  $0.03 18/kWh 


Economic  Methods 


77 


Commentary 


To  reduce  the  annual  required  revenues  to  1975  dollars,  we  discounted  by  the  general 
inflation  rate.  (The  general  inflation  rate  is  not  a  historical  value,  but  a  projected  value 
since  the  example  was  constructed  in  1976.) 


If  $0.0564  is  paid  for  each  kWh  of  electricity  produced  by  the  plant  at  the  busbar,  the  full 
cost  (including  taxes  and  return  on  equity)  will  be  exactly  recovered  during  the  analysis 
period. 

Using  the  historical  GNP  implicit  price  deflator  we  can  convert  this  levelized  BBEC  to 
constant  1985  dollars: 

BBEC1985  =  BBEC1975  x  1.883 
=  $0.0564  x  1.883 
=  $0.1062. 

Alternatively,  if  in  the  year  t 
(1.05)‘“1975  x  0.0318 

year  t  dollars  are  paid  for  each  kWh,  the  full  cost  will  be  recovered  during  the  analysis 
period. 

Again,  using  the  historical  GNP  implicit  price  deflator  this  levelized  BBECr  can  be 
converted  to  1985  dollars: 

BBECr  1985  =  BBECr  1975  x  1.883 

=  $0.0318  x  1.883 

=  $0.0599. 
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2.8  Summary 

This  chapter  began  by  identifying  solar  energy ’economic  issues  that 
prompted  the  need  for  economic  methods.  These  issues  concerned  the 
economic  feasibility,  market  potential,  and  economic  impact  of  solar  en¬ 
ergy  systems  as  well  as  the  formulation  of  government  policy  and  pro¬ 
grams  on  solar-related  issues. 

The  chapter  then  reviewed  the  principal  methods  of  economic  evalua¬ 
tion  that  have  been  applied  to  solar-related  issues:  life-cycle  costing,  net 
benefits,  required  revenue,  internal  rate  of  return,  savings-to-investment 
ratio,  payback,  levelized  cost  of  energy,  and  break-even  analysis.  Gener¬ 
alized  formulas  and  brief  instructions  for  using  the  methods  were  given. 
Other  methods  that  have  been  used  for  solar  evaluations — sensitivity 
analysis,  expected  value  analysis,  mathematical  programming,  produc¬ 
tion  theory,  input/output  theory,  market  penetration  analysis  techniques, 
and  marketing  survey  methods — were  discussed  in  the  context  of  the 
kinds  of  economic  issues  to  which  they  have  been  applied. 

Next,  representative  works  were  drawn  from  the  literature  to  illustrate 
the  developments,  adaptations,  and  applications  of  economic  methods 
for  solar  analysis  since  1972.  These  selections  were  organized  by  type  of 
issue  addressed.  Most  of  the  advances  have  been  in  adapting  existing 
economic  methods  to  apply  to  solar-related  issues,  rather  than  in  devel¬ 
oping  completely  new  methods. 

Last,  six  case  examples  of  economic  evaluations  of  solar  energy  sys¬ 
tems  were  presented  in  sufficient  detail  to  allow  the  reader  to  follow  the 
computations  for  several  of  the  more  important  economic  methods.  The 
case  examples  included  a  life-cycle  cost  analysis  of  an  active  solar  energy- 
system  for  residential  space  heating;  life-cycle  cost  and  net  savings  analy¬ 
ses  of  an  active  solar  energy  system  for  a  federal  office  building;  life-cycle 
cost,  internal  rate  of  return,  and  savings-to-investment  ratio  analyses 
for  a  semipassive  system  for  commercial  space  heating;  an  optimization 
analysis  ol  combined  conservation  and  passive  solar  investments  for  a 
residence;  an  internal  rate  of  return  analysis  of  a  solar  industrial  process 
heat  system,  based  on  revenue  required  to  cover  all  costs;  and  an  analysis 
of  the  annualized  revenue  requirements  and  levelized  bus  bar  energy 
costs  for  a  utility-owned  central  station  photovoltaic  plant. 
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G.  Thomas  Sav 

Since  the  1973  oil  embargo,  there  has  been  a  renewed  and  increasing  in¬ 
terest  in  substituting  solar  energy  for  conventional  nonrenewable  energy 
resources.  The  interest  in  solar  energy  was  stimulated  by  increasing  costs 
of  conventional  energy  sources  and  the  desire  to  use  alternative  energy  re¬ 
sources  that  were  environmentally  acceptable.  Solar  energy  is  accepted  as 
a  safe  environmental  alternative  and  is  attractive  because  it  is,  for  all 
practical  purposes,  an  inexhaustible  source  of  energy  that  is  technologic¬ 
ally  feasible  in  many  applications,  including  space  heating  and  cooling  of 
buildings,  domestic  hot  water,  and  a  variety  of  industrial  process  appli¬ 
cations.  The  widespread  application  of  solar  energy,  however,  depends 
ultimately  on  its  economic  feasibility  and  cost  relative  to  alternative 
energy  sources. 

Economic  models  were  developed  to  evaluate  the  cost  of  solar  energy,  to 
design  economically  optimal  solar  energy  systems,  and  to  compare  the 
cost  of  such  systems  to  alternative  means  of  producing  energy.  Moreover, 
these  models  were  expanded  to  incorporate  and  analyze  the  effects  of  a 
variety  of  financial  incentives  for  solar  energy,  such  as  tax  incentives. 
Financial  incentives  directly  affect  the  relative  cost  of  solar  energy  and 
the  economically  optimal  design  of  systems.  Economic  models  that  have 
successfully  incorporated  such  effects  have  played  an  important  role  in 
shaping  public  policy  as  it  relates  to  solar  energy  at  the  federal,  state,  and 
local  levels  of  government. 

In  this  chapter  I  discuss  the  economic  models  developed  to  analyze  and 
design  solar  energy  systems  as  alternatives  to  conventional  nonrenewable 
energy  sources  in  producing  building  energy  services.  In  section  3.1  I  re¬ 
view  the  foundations  of  these  models.  To  be  useful,  economic  models 
must  be  empirically  linked  to  solar  thermal  performance  models.  Empiri¬ 
cal  approaches  to  modeling  solar  energy  have  taken  several  forms,  rang¬ 
ing  from  sophisticated  computer  simulation  models  to  simple,  single¬ 
equation  deterministic  models.  In  section  3.2  I  review  the  alternative 
models  and  the  advantages  and  disadvantages  of  each.  Section  3.3  is  a 
summary  and  conclusion. 
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3.1  F oundations  of  Economic  Models 

3.1.1  Modeling  Production  of  Energy  Services 

Residential,  commercial,  and  industrial  energy  services,  such  as  domestic 
hot  water,  space  heating  and  cooling,  and  process  steam,  are  produced  on 
site  rather  than  purchased  directly.  Production  is  accomplished  by  com¬ 
bining  durable  capital  equipment,  such  as  hot  water  heaters,  furnaces, 
and  air  conditioners,  with  nonr.enewable  fuels,  for  example,  electricity, 
natural  gas,  and  oil.  Innovative  energy  sources,  such  as  solar  energy  pro¬ 
cesses,  can  reduce  the  consumption  of  nonrenewable  conventional  fuels 
in  the  production  of  these  energy  services.  However,  solar-produced 
energy  generally  cannot  completely  substitute  for  conventionally  pro¬ 
duced  energy  given  the  current  state  of  technology.  A  backup  con¬ 
ventional  energy  process  is  usually  required  because  storing  solar- 
produced  energy  over  extended  periods  (for  example,  during  inclement 
weather)  is  prohibitively  expensive.  Thus,  in  modeling  the  technical  sub¬ 
stitution  possibilities  between  solar  and  conventionally  produced  energy, 
economists  assume  a  conventional  backup  energy  system  capable  of 
meeting  the  full  energy  load  in  the  absence  of  a  solar  process. 

In  modeling  the  production  of  energy  services,  many  economists  begin 
with  fundamental  microeconomic  theory  and  assume  that  an  energy  ser¬ 
vice  subfunction  E  is  embedded  in  and  separable  from  a  master  produc¬ 
tion  function  [see  Sav  (1984a-c)  for  a  review]: 


y  =  F(E,  X), 


(3.1) 


where  y  is  final  output,  E  is  energy  input,  and  A  is  a  vector  of  inputs  not 
entering  E.  Using  an  energy  balance  equation,  we  can  express  the  energy 
service  subfunction: 


(3.2) 


where  Ec  is  the  quantity  of  energy  produced  from  a  conventional  energy 
process  and  Es  is  the  quantity  of  energy  produced  from  a  solar  energy 
process.  Given  the  conventional  backup  energy  process  constraint,  Ec  can 
be  viewed  as  being  produced  with  a  conventional  fuel  (the  capital  equip¬ 
ment  already  in  place): 


Ec  —  g(F), 


(3.3) 
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where  F  is  the  quantity  of  fuel.  Similarly,  Es  can  be  viewed  as  being  pro¬ 
duced  with  the  two  primary  solar  design  variables: 

Es  =  h(A,  V),  .  '  (3.4) 

where  A  is  solar  collector  area  and  V  is  solar  storage  volume.  Substituting 
equations  (3.3)  and  (3.4)  into  equation  (3.2)  results  in  a  stock-flow  pro¬ 
duction  function: 

E  =  g(F)  +  h(A,  V),  (3.5) 

where  durable  capital  equipment  A  and  V  can  be  substituted  for  a  con¬ 
ventional  fuel  input  Fin  the  production  of  an  energy  service  E. 

Many  of  the  solar  energy  process  models,  such  as  the  well-known 
f-chart  model  developed  by  Beckman,  Klein,  and  Duffie  (1977)  used  A 
(solar  collector  area)  as  the  single  design  variable  with  the  understanding 
that  storage  volume  V  varied  in  fixed  proportion  to  A  ;  that  is,  V  =  bA, 
where  b  is  usually  set  between  0.050  and  0.100  m3  m:  of  A.  depending  on 
the  solar  process  application.  Given  the  fixed  proportion  relationship, 
equation  (3.5)  is  reduced  to 


E  =  g(F)  +  h(A), 

N 

(3.6) 

or,  more  generally, 

E  =  F(F,  A). 

(3.7) 

However,  even  assuming  fixed  proportions  does  not  preclude  one  from 
analyzing  the  effect  of  different  size  storage  on  system  performance. 
Beckman,  Klein,  and  Duffie  (1977)  demonstrate  a  method  for  proceeding 
along  these  lines  but  also  conclude  that  the  optimal  relationship  is  such 
that  b  lies  in  the  range  of  0.050  to  0.100  nr\  m2  of  A. 

3.1.2  Optimal  Design  Models 

Many  factors  drive  individuals  to  consider  and  eventually  adopt  solar  as 
an  alternative  energy  source.  Yet  one  of  the  most  attractive  features  of 
solar  energy  from  an  economical  standpoint  is  its  ability  to  reduce  the 
total  costs  of  producing  energy  services,  such  as  space  heating  and/or 
cooling  and  domestic  hot  water  services.  As  such,  research  has  focused 
on  designing  optimal  solar  energy  systems  that  minimize  total  energy 
costs. 
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The  basic  framework  for  much  of  the  work  in  optimal  design  models  was 
set  forth  in  the  seminal  work  of  Lof  and  Tybout  (1973).  Since  their  study 
more  sophisticated  models  have  been  developed.  Ruegg’s  work  (1975, 
1976)  has  probably  been  the  largest  contributor  to  this  sophistication. 

Ruegg’s  optimal  design  model  (1975,  1976)  relies  on  the  so-called 
Life-cycle  method.  (Chapter  2  gives  more  background  on  the  life-cycle 
method.)  In  this  method  the  objective  is  to  minimize  the  total  life-cycle 
costs  (LCCr)  of  producing  a  given  level  energy  service: 

LCCr  =  LCCc  +  LCCS,  (3.8) 

where  LCC  represents  the  life-cycle  costs  of  owning  and  operating  a 
system  discounted  to  the  present  and  the  subscripts  c  and  s  represent  the 
conventional  energy  system  and  the  solar  energy  system,  respectively. 
Normally  it  is  assumed  that  a  100%  conventional  energy  backup  system 
is  required  with  a  solar  energy  system;  thus  LCCc  is  comprised  solely  of 
conventional  fuel  costs. 

As  the  solar  energy  system  increases  in  size,  its  life-cycle  costs  LCCS 
increase.  Simultaneously,  as  LCCS  increases,  conventional  fuel  require¬ 
ments  and  the  associated  life-cycle  costs  of  conventional  fuel  LCCc  de¬ 
crease.  Thus,  the  objective  is  to  choose  a  system  size  that  minimizes 
LCCr. 

Many  studies  were  conducted  on  the  economic  feasibility  and  design  of 
solar  energy  systems  using  this  basic  framework  and  extending  it  to  ac¬ 
count  for  solar  tax  incentives,  residential  and  commercial  comparisons, 
and  regional  factors.  Beckman,  Klein,  and  Duffie  (1977)  incorporated  the 
basic  model  in  their  f-chart  method  for  designing  solar  facilities.  Ben- 
David  et  al.  (1977)  examined  the  economic  feasibility  of  solar  energy  on  a 
state-by-state  basis  using  a  basic  variation  of  the  life-cycle  cost  model. 
MITRE  Corporation  (1976),  Nicholls  (1977),  O’Neal,  Carney,  and  Hirst 
(1978),  Bezdek  (1978),  and  Lameiro  and  Bendt  (1978)  all  expanded  in 
some  way  on  the  life-cycle  cost  model  in  analyzing  and  designing  solar 
energy  systems  for  residential  and  commercial  applications,  as  well  as  in¬ 
dustrial  and  government  facility  applications. 

Although  the  exact  specification  of  the  terms  in  the  life-cycle  cost 
model  varies  among  the  many  studies,  a  general  approach  was  provided 
by  Ruegg  and  Sav  (1981)  and  Perino  (1979).  Considering  the  efficiency  of 
the  conventional  energy  system  and  the  energy  content  of  conventional 
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fuel,  the  LCCc  term  is  generally  specified  as 

LCCc  =  Pc(l  +  0(1  -  ty)L{\  —  f)5~l  B~l  P I Ad  e^,  (3.9) 

where  Pc  is  the  present  year  cost  per  unit  of  conventional  fuel,  tc  is  the 
sales  tax  rate  on  conventional  fuel,  ty  is  the  federal  and  state  composite 
income  tax  rate,  L  is  the  annual  energy  load, /is  the  annual  fraction  of  L 
supplied  by  solar  energy,  S  is  the  efficiency  of  conventional  energy  equip¬ 
ment,  B  is  the  energy  content  of  conventional  energy  source,  and  P  Ad  e , 
is  a  uniform  present  worth  factor  for  a  nominal  discount  rate  d,  con¬ 
ventional  energy  escalation  rate  e,  and  a  solar  energy  system  life  /.  Here 


P/Ad%e,i  — 


1  +  e  (1  +d)‘-(\  +<?)' 
d-e  (1  +  d)1 


for  d  #  e 


(3.10) 


and 


P/Ad,e,i  =  l  for  d=e.  (3.11) 

Both  nominal  and  real  values  of  d  and  e  are  used  in  computing  P  Ad  e 
The  choice  was  merely  one  of  the  researcher’s  preference,  perhaps  con¬ 
strained  by  the  available  data.  For  residential  building  owners  con¬ 
ventional  fuel  expenditures  are  not  deducted  from  taxable  income;  thus 
ty  =  0  in  the  LCC  equation.  Bezdek  (1978)  investigated  the  effect  of  the 
absence  of  the  deduction  of  fuel  expenses. 

Similarly,  determining  life-cycle  costs  of  the  solar  energy  system  LCCS 
varied  among  the  many  studies  but  generally  included 

LCCS  =  K  =  +R  +  P-  D-  M ,  (3.12) 

where  K  is  the  present  discounted  value  (PDV)  of  capital  costs  associated 
with  acquiring  and  installing  a  solar  energy  system,  R  is  the  PDV  of  an¬ 
nual  recurring  costs  associated  with  maintenance  and  repair,  P  is  the 
PDV  of  property  tax  payments  arising  from  the  solar  energy  system.  D  is 
the  PDV  of  tax  savings  resulting  from  depreciation  deductions  from  tax¬ 
able  income,  and  M  is  the  PDV  of  tax  savings  resulting  from  loan  interest 
deductions  from  taxable  income. 

Terms  comprising  the  solar  energy  life-cycle  costs  accounted  for  site, 
system,  and  region-specific  factors,  that  is,  on  the  availability  of  govern¬ 
mental  grants  and  tax  incentives  A.',  periodicity  of  recurring  costs  R.  prop¬ 
erty  tax  assessments  P,  and  income  tax  laws  governing  capital  deprecia- 
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tion  methods  D.  Early  analyses,  such  as  that  of  Lof  and  Tybout  (1973), 
were  less  inclusive  than  the  later  studies  of  MITRE  (1976),  Ruegg  (1976), 
and  Ben-David  et  al.  (1977)  in  this  respect.  Part  of  the  movement  from 
simpler  modeling  to  detailed  incorporation  of  these  factors  can  be  attri¬ 
buted  to  the  need  to  account  for  solar  energy  tax  incentives  explicitly  in 
economic  feasibility  and  design  studies.  For  example,  following  Ruegg’s 
(1976)  analysis  it  became  a  fairly  well-accepted  practice  to  include  the 
availability  of  cash  grants  and  tax  credits  in  determining  solar  energy 
capital  costs  K  as  follows: 

K=(FX  +  vA)[q  +  (1  -  q)A/PiymP/ Ad  m]  -  G  -  T(  1  +  d)~\  (3.13) 

where  Fx  is  the  fixed  costs  of  collector  and  noncollector  components,  v  is 
the  variable  costs  of  collector  and  noncollector  components  per  unit  of 
collector  area  ^4,  ^4  is  the  collector  area,  Fx  +  vA  is  the  contract  cost,  q  is 
the  fraction  of  the  total  system  contract  cost  ( Fx  +  vA)  placed  as  a  down- 
payment,  G  is  the  governmental  cash  grant  assumed  here  to  be  available 
after  contractual  payment,  T  is  the  governmental  tax  credit  assumed  here 
to  be  available  one  year  after  installation  and  having  a  value  of 
tR(Fx  +  vA)  (where  tR  is  the  fraction  of  the  contract  cost  available  as  a  tax 
credit),  and  A/Pin  is  a  capital  recovery  factor  for  a  nominal  loan  rate  i 
and  loan  life  m : 


A/Pi,n 


i(  1  +  i)m 
(1  +  i)m  -  1 ' 


(3.14) 


A/Pd  „  is  a  present  worth  factor  for  a  nominal  discount  rate  d  and  loan  life 
nr. 


P/A 


d,n 


(1  +  d)m  -  1 
d(  1  +  d)m 


(3.15) 


Usually,  as  presented  here,  the  governmental  cash  grant  and  tax  credit 
become  available  after  contractual  payment.  Perino  (1979)  considered 
different  variations  on  this  theme,  as  well  as  the  case  when  i  =  d  and  the 
product  A/Pitfn  and  A/Pd<m  equals  unity.  In  this  latter  situation  the  present 
value  cost  is  the  same  whether  the  system  is  financed  through  a  loan  or  is 
paid  for  at  the  outset  from  equity  funds. 

Both  the  early  modeling  efforts  and  the  more  recent  sophisticated 
studies  faced  the  persistent  problem  of  realistically  capturing  that  part 
of  solar  energy  systems  costs  associated  with  long-term  maintenance  and 
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repair.  In  large  part  this  problem  arises  from  the  absence  of  long-term 
empirical  data  on  the  maintenance  and  repair  of  solar  energy  systems  in 
various  applications.  As  a  result,  such  optimizaTion  models  as  f-chart 
(Beckman,  Klein,  and  Duffie,  1977)  and  gfl  (Lameiro  and  Bendt,  1978) 
and  such  general  approaches  as  Ruegg  (1976)  and  Ruegg  and  Sav  (1981) 
assumed  that  costs  associated  with  maintenance  and  repair  occur  on  an 
annual  basis  as  some  fixed  percentage  of  the  initial  contract  cost 
(Fx  +  vA).  These  costs  included,  for  example,  the  yearly  cost  of  cleaning 
collectors,  replacing  or  replenishing  antifreeze,  and  the  yearly  cost  of  in¬ 
surance  premiums  plus  uninsured  damage.  Many  studies  assumed  that 
repair  costs  could  be  described  as  a  recurring  cost  in  proportion  to  the 
total  system  cost,  so  that  the  PDV  of  the  recurring  cost  factor  R  in  equa¬ 
tion  (3.12)  is  simply 

R  =  rR(l-  ty)(Fx  +  vA)P/Adgl,  (3.16) 

where  rR  is  the  annual  recurring  cost  as  a  fraction  of  Fx  +  vA,  ty  is  a 
federal  and  state  composite  income  tax  rate,  and  g  is  the  general  rate  of 
inflation.  Then 


P/A 


d.g.l  ~ 


1  +g(\  +d)-(\  +  g)‘ 
d-  g  (1  +  d) 


and 


\ 

for  d  /  g 


(3.17) 


Pl^d.g,,  =  l  for  d  =  g.  (3.18) 

The  ty  term  in  equation  (3.16)  was  included  in  those  studies  concentrating 
on  the  commercial  building  sector  (Ruegg  et  al„  1982)  and  accounted  for 
the  deduction  of  annual  recurring  costs  rR(Fx  +  rA)  that  commercial 
building  owners  can  take.  For  residential  building  owners  ty  =  0  in  equa¬ 
tion  (3.16). 

In  several  taxing  jurisdictions  in  the  United  States,  solar  energy  systems 
were  exempt  from  property  tax,  and  many  studies  explicitly  accounted 
for  this  by  comparing  the  economic  feasibility  and  optimal  design  of  solar 
energy  systems  with  and  without  property  taxes.  The  value  of  P  in  equa¬ 
tion  (3.12)  is  zero  when  the  system  is  exempt.  Where  property  taxes  are 
applicable,  the  value  of  P  depends  on  local  assessment  practices.  Gener¬ 
ally,  P  is  approximated  (Ruegg  et  al.,  1982)  by  basing  it  on  the  initial  con¬ 
tract  cost  ( Fx  +  vA).  Then 


P  =  tp(  1  -  ty)(Fx  +  vA)P/Ad  gJ, 


(3.19) 


Economic  Models 


91 


where  tp  is  the  effective  property  tax  rate  [that  is,  the  assessment  rate  mul¬ 
tiplied  by  the  nominal  property  tax  rate;  see  Ruegg  (1976)]. 

Capital-depreciation  deductions  are  specific  to  commercial  building 
owners  and  depend  on  tax  laws  regarding  the  portion  of  solar  energy 
system  costs  allowable  as  a  depreciable  expense.  Allowable  practices  differ 
with  the  type  of  commercial  building.  Most  studies  assumed  that  the  total 
contract  cost  (Fx  +  vA )  was  allowable  as  a  depreciable  expense  and  that 
the  straight-line  depreciation  method  was  used.  For  example,  Ruegg  and 
Sav  (1981)  and  Perino  (1979)  show  that  D  can  be  computed  as  follows: 

D  =  tyn~\Fx  +  vA)P/Adn,  (3.20) 

where  n  is  the  number  of  allowable  depreciation  years,  P/Adtn  is  a  present 
worth  factor  for  a  discount  rate  d  and  n  depreciation  years,  and  ty,fx,  v, 
and  A  are  as  previously  defined.  Sav  (1979)  incorporates  a  declining  bal¬ 
ance  depreciation  method  into  an  optimization  model  and  computes  D  as 
follows: 


D  =  tyr(Fx  +  vA)(r  +  dri)  1 


nn(  1  +  d)n  —  ( n 
n\  1  +  d)n 


(3.21) 


where  r  is  the  declining  balance  rate  (for  example,  r  —  2  for  200%  declin¬ 
ing  balance,  r  =  1.5  for  150%  declining  balance). 

A  few  models  and  corresponding  studies  include  the  PDY  of  income 
tax  deductions  accruing  from  loan  interest  in  the  life-cycle  costs  of  the 
solar  energy  system.  Perino  (1979)  and  Sav  (1979)  do  so  and  in  general 
show  that 


M  = 


ty(\  -q)(Fx  +  vA)  f.  /(!+/)" 


-m,r 


d  —  i  (  (1  +  dy 

1  +  i 


1 


i  i  d  i 


d  —  i  d  —  i 
+ 


d  d(  i  +  dy 


and 


M  =  ty(l  -  q)(Fx  +  vA) 


mi 
1  +  / 


A/P, 


/  m  1 

m\TT7~7 


for  d  #  i  (3.22) 


1 


z(l  +  0my 
for  d=i.  (3.23) 
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Figure  3.1 

Optimization  under  LCCr  minimization.  From  Sav  (1979). 


The  LCCr  optimization  model  is  completed  by  substituting  equations 
(3.13)  through  (3.23)  into  equation  (3.12)  and  substituting  equations  (3.9) 
and  (3.12)  into  equation  (3.8).  The  result  expresses  LCCr  as  a  function  of 
the  annual  fraction  f  ot  the  energy  load  L  supplied  by  a  solar  energy 
system,  with  the  size  of  the  solar  energy  system  as  measured  by  the  area  of 
solar  collector  surface  in  square  meters. 

The  upper  portion  of  figure  3.1  shows  the  generic  shape  of  a  LCCr 
curve,  which  results  when  individual  life-cycle  costs  that  comprise  LCCr 
are  plotted  against  collector  area.  The  illustration  applies  to  a  commer¬ 
cial  building.  For  residential  buildings  some  terms  are  excluded  as  noted 
previously,  whereas  others  have  different  shapes.  The  lower  portion  of 
figure  3.1  shows  the  generic  shape  of  the  solar  performance  curve.  The 
most  economical  and  optimally  sized  collector  is  indicated  by  A  *,  where 
LCCr  reaches  a  minimum  point.  From  the  value  of  A*,  the  economically 
optimal  load  fraction  (/*)  supplied  by  solar  is  determined  in  the  lower 
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part  of  figure  3.1.  If,  however,  the  LCCr  cost  curve  rises  continuously 
from  its  origin  on  the  vertical  axis,  then  solar  energy  is  not  economically 
feasible  under  the  LCCr  minimization  criterion;  that  is,  A*  =  0,  and  the 
solar  investment  should  not  be  undertaken  based  on  the  criterion  of  cost 
minimization. 

As  an  alternative  to  the  LCCr  minimization  approach  many  studies  of 
solar  energy  feasibility  and  design  inverted  the  objective  function  and 
used  the  maximization  of  total  life-cycle  savings  LCSr  as  an  alternative 
optimization.  LCSr  are  the  difference  between  what  it  would  cost  in  life- 
cycle  terms  to  provide  all  the  energy  demands  using  100%  conventional 
energy  LCC100o/o  and  what  it  would  cost  to  provide  the  same  energy  de¬ 
mands  using  a  combination  of  conventional  energy  LCCc  and  solar  en- 
ergy  LCCS.  LCSr  can  be  expressed  as 

LCSt  =  LCC100o/o  —  (LCCc  +  LCCS),  (3.24) 

where  LCC100o/o  is  obtained  by  setting equal  to  zero  in  equation  (3.9). 
Maximizing  equation  (3.24)  is  identical  with  minimizing  equation  (3.8), 
because  LCSr  is  at  a  positive  maximum  point  when  LCCr  is  at  a  min¬ 
imum  point.  Figure  3.2  illustrates  graphically  the  equivalence  of  the  two 
concepts.  As  with  figure  3.1,  however,  if  LCSr  are  everywhere  negative  in 
figure  3.2,  then  the  optimal  collector  area  is  zero  (that  is,  the  solar  invest¬ 
ment  should  not  be  undertaken).  Ruegg  (1976)  and  Ruegg  and  Sav  (1981) 
detailed  the  conditions  under  which  the  two  approaches  lead  to  the  same 
result  and  applied  the  two  methods  to  both  commercial  and  residential 
building  applications  of  solar  energy. 

The  approaches  of  minimizing  LCCr  and  maximizing  LCSr  are  rooted 
in  the  basic  principles  of  microeconomic  theory.  To  some  extent  these 
principles  were  masked  and  incorporated  into  the  general  life-cycle  cost 
model.  More  general  approaches  to  analyzing  solar  energy  feasibility  and 
optimal  design  directly  incorporated  the  microeconomic  model  of  input 
choice  and  cost  minimization.  For  example,  Ruegg  and  Sav  (1981),  Sav 
(1984a),  Nicholls  (1977),  and  Peterson  (1979)  begin  by  minimizing  the 
total  costs  of  producing  energy  services  as  follows: 

(3.25) 


min  C  =  PfF  +  PaA  +  Pv  V, 
subject  to 

E  =  g(F)  +  h(A,  V), 


(3.26) 
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Figure  3.2  \ 

Minimization  of  LCCr  equals  maximization  of  LCSr.  From  Sav  (1979). 


where  Pt  is  the  price  of  the  z'th  input  and  £  is  a  given  level  of  energy  service 
from  equation  (3.5). 

In  this  approach  the  economically  efficient  combination  of  solar  (.4 
and  V)  and  conventional  (£)  energy  inputs  depends  both  on  the  marginal 
productivity  of  those  inputs  and  their  relative  prices.  A  necessary  condi¬ 
tion  for  arriving  at  the  minimum  cost  of  providing  a  given  level  of  energy 
service  is  that  the  marginal  productivity  per  dollar  spent  is  equal  for  all 
inputs.  If  we  assume  continuous  and  smooth  functions,  we  can  express 
this  necessary  condition  as 


Pf  Pa 

MP,  MP,,  MP  ¥' 


(3.27) 


where  MP,  is  the  marginal  product  of  the  ith  input  in  producing  the  en¬ 
ergy  service.  Equation  (3.27)  states  that  the  minimum  cost  combination 
of  conventional  fuel  F,  solar  collector  area  A,  and  solar  storage  volume  V 
is  achieved  when  the  marginal  costs  of  all  inputs  are  equal.  Similarly, 
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using  equation  (3.6),  the  objective  is  to  minimize  total  cost  C: 

C  =  PfF  +  PaA,  (3.28) 

subject  to 


E  =  g(F)  +  h(A),  (3.29) 

where  it  is  now  understood  that  the  optimally  sized  (cost-minimizing) 
solar  storage  volume  V  is  determined  in  fixed  proportion  to  the  optimally 
sized  solar  collector  area  (that  is,  V*  =  bA*).  Again,  the  necessary  condi¬ 
tion  for  an  optimal  design  is 


Pp  _  Pa 
MPf  “  MP^ ' 


(3.30) 


This  latter  condition  is  illustrated  graphically  in  figure  3.3.  The  lines  Q, 
C2,  and  C3  illustrate  three  of  a  family  of  total  cost  (isocost)  equations. 
Each  line  indicates  a  specific  total  cost  (Q  <  C2  <  C3)  and  the  com¬ 
binations  of  fuel  F  and  collector  area  A  that  may  be  purchased  for  this 
specific  total  cost  outlay.  The  slope  of  each  total  cost  line  is  the  relative 
price  of  inputs  (that  is,  PF/PA).  The  curve  E  (the  isoquant)  gives  the  dif¬ 
ferent  combinations  of  inputs,  Fand  A,  that  can  be  used  to  produce  this 
given  level  of  energy  service,  E1.  The  slope  of  the  isoquant  represents  the 
technical  trade-offs  between  inputs  in  producing  a  given  level  of  energy 
service  and  is  equal  to  the  ratio  of  the  marginal  products  (MPF/MP^). 

Given  the  relative  costs  of  Fand  A,  as  depicted  by  the  slopes  of  the  iso¬ 
cost  lines,  and  the  technical  rate  at  which  A  may  be  substituted  for  F,  as 
depicted  by  the  slope  of  the  isoquant,  the  minimum  cost  combination  of 
F  and  A  for  producing  E  occurs  at  the  point  of  tangency  between  C2  and 
Ex\  that  is,  the  minimum  cost  combination  F*  and  A  *  occurs  where 


MPf 

MR, 


(3.31) 


However,  if  the  tangent  between  the  isocost  cost  curve  and  the  isoquant 
occurs  at  the  intercept  of  the  isoquant  with  the  vertical  axis,  then  a  corner 
solution  is  attained  and  the  energy  service  Ex  should  be  produced  with 
solely  conventional  fuel;  that  is,  the  solar  investment  should  not  be  under¬ 
taken  based  on  the  economic  criterion  of  cost  minimization. 

To  implement  this  approach  empirically  for  an  optimal  solar  energy 
system  design  requires  an  estimate  of  the  isoquant  F;  that  is,  empirical  es- 
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Figure  3.3 

Optimization  using  microeconomic  theory. 
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timates  of  the  technical  substitution  possibilities  between  conventional 
fuel  and  solar  collector  area  must  be  obtained.  Few  studies  have  taken 
such  an  approach  because  of  the  difficulty  and  expense  of  estimating 
these  relationships.  The  exceptions  include  a  rigorous  evaluation  by  Peter¬ 
son  (1979)  and  several  by  Sav  (1984a-c).  In  each  of  these  studies  an  esti¬ 
mate  of  the  technological  substitution  possibilities  relied  on  simulation 
models  of  the  type  developed  by  Beckman,  Klein,  and  Duffie  (1977). 

3.1.3  Optimal  Timing  of  Investments 

In  section  3.1.2  I  presented  economic  models  that  were  used  to  investigate 
the  optimal  design  of  solar  energy  systems  and  to  answer  the  question  of 
whether  to  invest  in  solar  energy  systems.  These  models,  however,  did  not 
take  into  account  the  dynamic  aspect  of  investments  in  solar  energy. 
Specifically  they  did  not  address  the  problem  of  timing  solar  investments. 
That  is,  although  the  criteria  for  LCCr  minimization  or  LCSr  maximiza¬ 
tion  may  indicate  that  a  solar  investment  is  economically  feasible  in  the 
current  analysis  period,  a  lower  cost  or  greater  savings  may  result  from 
deferring  the  investment  to  some  future  date.  The  investment  deferment 
or  timing  decision  is  truly  a  dynamic  one. 

Many  formal  economic  models  were  developed  to  handle  the  timing 
decisions  of  investments  in  such  capital  equipment  as  solar  energy  sys¬ 
tems.  For  example,  Ben-David  et  al.  (1977)  and  Sav  (1984a)  provide  an 
in-depth  theoretical  approach  and  empirical  application  of  the  method.  A 
general  model  and  solution  to  the  timing  problem  can  be  formulated  as 
an  optimal  control  model  using  the  calculus  of  variations.  This  approach 
provides  the  foundations  for  studies  that  have  been  conducted  in  market 
penetration  relating  to  solar  energy.  Moreover,  this  approach  has  the 
added  advantage  of  being  capable  of  handling  simultaneous  investment 
decisions,  for  example,  in  sizing  a  conventional  energy  system  in  conjunc¬ 
tion  with  a  solar  energy  system. 

To  simplify,  it  is  generally  assumed  that  the  planning  horizon  is  a  finite 
T  years  and  that  the  energy  requirements  E{t)  in  each  time  period  t  over 
0  <  t  <  T  are  known  with  certainty.  The  planning  horizon  is  divided  into 
two  parts,  tx  and  t2,  of  undetermined  length.  The  firm  or  household  in¬ 
vests  in  conventional  energy  equipment  at  t  =  0  and  must  decide  on  the 
scale  of  this  investment.  The  firm  may  also  undertake  a  second  invest¬ 
ment  in  solar  energy  equipment  at  t  =  tu  where  tx  is  determined  along 
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with  the  scale  of  the  investment.  The  energy  requirements  in  t  are  described 
by  the  following  stock-flow  production  functions: 

♦ 

E(t)=A[Fx(t),Xx]  for  0  <  /  <  r i ,  (3.32) 

E(t)=fx[Fx(t),Xx]+f2[F2(t),A2;Xx]  for  tx<t<T ,  (3.33) 

where  Fx(t)  is  the  quantity  of  conventional  fuel  used  in  period  1,  Xx  >  0  is 
the  quantity  of  the  conventional  energy  equipment  used  in  period  1.  and 
F2(t)  is  the  quantity  of  fuel  used  in  period  2  given  that  a  solar  energy 
system  of  size  A2  >  0  is  installed  and  used  in  period  2.  The  firm  or 
household  must  decide  (1)  the  quantity  of  Xx  to  initially  install,  (2)  when 
to  install  A2,  if  at  all,  (3)  the  quantity  of  A2  to  install  if  it  is  optimal  to 
undertake  the  investment,  and  (4)  the  quantity  of  fuel  to  use  in  each 
period. 

We  assume  that  the  objective  is  to  minimize  the  following  present  dis¬ 
counted  cost  of  production  over  the  planning  horizon: 


C  = 


‘  PfF1(tl)e~rt dt  +  <j>PxXx  +  4>PAA2e~*' 

Jo 


+ 


r  t 

[PfFx(t)  +  PfF2(t)]e~rI  dt, 

Jt  i 


\ 


(3.34) 


subject  to  the  production  function  constraints  in  equations  (3.32)  and 
(3.33).  The  price  Pf  of  fuel  is  assumed  to  remain  constant  over  time.  The 
unit  prices  of  the  two  capital  inputs  are  Px  and  PA.  and  ^  is  a  user  cost-of- 
capital  term,  which  converts  all  future  costs  (from  tx  to  T)  per  dollar  of 
solar  investment  to  a  present  discounted  value  at  time  /  Future  costs  are 
discounted  at  a  real  rate  of  r,  assumed  constant  over  time. 

An  equivalent  problem  is  to  minimize  this  function  with  respect  to 
Fx(t),  F2(t),  Xx ,  A2,  and  tx  (the  timing  of  the  solar  investment)  using 
Lagrangian  multipliers.  Optimizing  will  lead  to  conditions  (Sav,  1984a) 
that  determine  the  optimal  scale  of  investment  with  respect  to  Xx  and  A2 
and  the  optimal  timing  of  the  investment  in  solar  energy.  Because  A2  is 
nonessential,  its  optimal  quantity  may  be  zero;  that  is,  the  solar  invest¬ 
ment  is  never  undertaken.  The  investment  in  solar  is  deferred  so  long  as 
the  present  discounted  savings  in  production  costs  resulting  from  the  in¬ 
stallation  of  solar  are  less  than  the  present  discounted  cost  of  solar  (in¬ 
cluding  interest,  maintenance,  and  other  operating  costs).  It  is  also  pos¬ 
sible  to  incorporate  time  rates  of  acceleration  on  the  input  prices  in  the 
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problem.  For  example,  if  the  fuel  price  is  expected  to  accelerate  at  a  rate 
of  k  per  unit  of  time,  then  e~rt  within  the  integrals  becomes  e(k~r)t.  Then 
the  timing  of  the  solar  energy  process  depends  on  the  rate  k  at  which  fuel 
prices  accelerate  over  time. 

The  general  problem  of  timing  is  illustrated  in  figure  3.4.  In  figure  3.4a 
(top)  the  present  discounted  cost  C  of  producing  energy  services  is  shown 
as  depending  on  the  time  t  at  which  the  solar  investment  is  undertaken.  In 
figure  3.4b  (bottom)  optimal  collector  area  or  system  size  and  optimal 
conventional  fuel  are  shown  as  corresponding  to  the  timing  of  the  solar 
investment.  As  illustrated,  the  optimal  time  t*  to  undertake  the  invest¬ 
ment  occurs  when  C  is  at  a  minimum.  The  corresponding  optimally  sized 
solar  energy  system  at  t*  is  (. A *)'*. 

3.1.4  Integrated  Optimization  of  Solar  Energy  and  Energy  Conservation 

In  addition  to  installing  solar  energy  systems  to  reduce  the  consumption 
of  conventional  fuels  and  lower  the  costs  of  producing  energy  services, 
energy  conservation  (that  is,  improving  the  thermal  integrity  of  the  build¬ 
ing  envelope  or  efficiency  of  the  energy  delivery  system)  options  also 
exist.  Generally  the  primary  economic  objective  in  designing  or  retro¬ 
fitting  the  heating  and  cooling  components  of  a  building  is  to  provide,  at 
the  lowest  possible  life-cycle  cost,  a  desired  level  of  thermal  comfort, 
comprising  temperature,  humidity,  and  other  related  attributes  (and  con¬ 
sidering  related  factors  such  as  lighting).  The  minimum  cost  search  con¬ 
siders  the  technical  substitution  of  inputs  and  the  relative  prices  of  inputs. 
Holding  all  inputs  constant,  except  those  concerning  the  building  envelope 
and  the  energy  system (s),  trade-offs  exist  between  (1)  energy  conservation 
alternatives  that  improve  the  thermal  integrity  of  the  building  envelope, 
and  therefore  reduce  the  thermal  load,  and  (2)  energy  system  alternatives, 
for  example,  nonsolar  and  solar  energy  systems  that  satisfy  given  thermal 
loads.  Ruegg  et  al.  (1982)  and  Sav  (1978)  constructed  a  general  model 
showing  that  the  economically  optimal  system  configuration  is  attained 
when  the  marginal  dollar  expenditure  for  each  input  per  marginal  unit 
of  thermal  comfort  obtained  from  that  input  is  equal  for  all  inputs.  This 
optimal  condition  can  be  stated  algebraically: 

MCc  MCS  MClr 

- -  = - -  = - — ,  (3.35) 

MPC  MPS  MPlr 

where  MC  represents  marginal  cost,  MP  marginal  product,  and  the  sub- 
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Figure  3.4 

Optimal  timing  of  solar  investments. 
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scripts  c,  s,  and  LR  the  nonsolar  (conventional)  energy  inputs,  the  solar 
energy  inputs,  and  the  load  reduction  (energy  conservation)  inputs, 
respectively. 

In  other  words,  the  optimal  search  is  for  a  combination  of  energy  con¬ 
servation  inputs  (load  reduction  options)  and  energy  system  inputs,  in¬ 
cluding  solar  thermal  processes  that  will  minimize  the  LCCT  of  achieving 
a  desired  level  of  thermal  comfort  (or  maximize  the  LCSr  from  the  total 
investment). 

Holding  all  factors  constant,  except  thermal  load  L  as  determined  by 
the  thermal  integrity  of  the  building  envelope,  and  noting  that  alternative 
energy  systems  can  satisfy  L,  thermal  comfort  k  can  be  expressed  as 

k  =  k(Ec,  Es,  Elr),  (3.36) 

where  Ec  represents  a  quantity  of  nonsolar  (conventional)  energy  input, 
Es  a  quantity  of  solar  energy  input,  and  ELR  a  quantity  of  energy  reduc¬ 
tion  obtained  by  upgrading  the  thermal  integrity  of  the  building  en¬ 
velope.  All  inputs  are  expressed  in  a  common  unit  of  measure,  such  as  the 
joule. 

The  cost  C  of  achieving  various  levels  of  k  can  be  described  by  a  family 
of  isocost  curves  described  by 


C  ~  Pc(Ec)Ec  +  PS(ES)ES  +  F>LR(FLR).E'LR, 


(3.37) 


where  Pt{Ej)  expresses  the  price  of  the  z'th  input  as  a  function  of  the  level 
of  the  z'th  input  used. 

Once  a  target  level  of  thermal  comfort  (say,  k)  is  determined,  the  eco¬ 
nomic  objective  is  to  minimize  C.  The  minimum  cost  combination  of  in¬ 
puts  Ec,  Es,  and  EL R  can  be  obtained  by  using  the  Lagrange  multiplier. 


Thus 


where  X  is  the  Lagrange  multiplier  and  is  interpreted  as  the  marginal  cost 
of  producing  thermal  com  fort  k. 

From  equation  (3.38),  the  optimal  condition  is  found  to  be 


LR^LR 


(3.39) 


where  P(  is  the  first  derivative  of  Pi(Et)  with  respect  to  Et  and  k[  is  the  first 
derivative  of  k(Ec,  Es ,  i?LR)  with  respect  to  Et. 
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The  numerator  of  each  ratio  is  the  marginal  cost  MC  of  the  respective 
input.  The  denominator  is  the  marginal  product  MP  of  the  input  in  pro¬ 
ducing  thermal  comfort  k.  Hence,  this  is  consistent  with  the  optimal  con¬ 
dition  stated  at  the  outset  in  equation  (3.35). 

Because  initially  all  inputs  except  thermal  load  were  held  constant,  it 
follows  that  marginal  products  are  all  expressed  in  a  common  unit,  for 
example,  the  joule.  The  ratios  of  the  marginal  products  are  therefore 
unity,  and  the  optimal  condition  can  be  restated  in  the  familiar  form 

MCc  =  MCS  =  MClr.  (3.40) 

An  optimal  economic  condition  is  attained  when  the  marginal  costs  of  all 
inputs  are  equal.  When  this  optimal  condition  is  achieved.  LCCr  of 
maintaining  a  given  level  of  thermal  comfort  are  minimized.  That  is,  the 
following  LCCt  equation  is  a  minimum: 

LCC'V  =  LCCfJ  +  FCCsLj  +  LCC& ,  (3.4 1 ) 

where  the  superscript  Lj  represents  alternative  loads. 

Equation  (3.41)  describes  a  family  of  LCCr  curves,  each  corresponding 
to  a  different  load  Lj.  The  empirical  form  of  equation  (3.41)  differs  de¬ 
pending  on  the  nature  of  economic  and  technical  trade-offs  among  the 
size  (capacity)  of  the  solar  energy  system,  the  conventional  energy  system, 
and  energy  conservation  options.  If,  for  simplicity,  no  capacity  re¬ 
ductions  in  the  nonsolar  conventional  energy  system  are  assumed  as  the 
size  of  the  solar  energy  system  is  expanded.  LCCf  consists  only  of  con¬ 
ventional  fuel  costs.  LCC1r  is  building  design  specific  and  depends  on 
the  initial  design  load  against  which  the  costs  of  load  reductions  are 
evaluated. 

In  this  integrated  framework,  the  alternative  to  the  LCCr  minimiza¬ 
tion  criterion  (that  is,  the  LCSr  maximization  criterion),  is  achieved  by 
maximizing 

LCS^  =  LCCL0  -  (LCC^  -  LCCsLj  -  LCC&),  (3.42) 

where  LCC/  0  represents  the  sum  of  the  initial  space  heating  LH0  and  hot 
water  Lw  loads  from  which  load  reduction  options  are  evaluated.  (Note 
that  Lj  =  LHj  +  Lw ,  where  Lw  represents  a  fixed  hot  water  load,  which  is 
unaffected  by  energy  conservation  design  in  the  building  envelope.) 

From  the  Ruegg  et  al.  (1982)  study,  figures  3.5  and  3.6  graphically 
depict  the  integrated  optimization  procedure.  Figure  3.5  shows  a  ge- 
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Combined  space  heating  and 
hot  water  load  (Lj  =  LHj  +  l_w) 


Figure  3.5 

Integrated  optimization  procedure:  load  reductions.  From  Sav  (1978)  and  Ruegg  et  al. 
(1982). 
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Figure  3.6 

Integrated  optimization  procedure:  solving  for  the  combination  of  conservation,  solar,  and 
nonsolar  inputs  to  thermal  comfort.  From  Sav  (1978)  and  Ruegget  al.  (1982). 


neric  LCClr  function.  The  horizontal  axis  measures  the  fraction  /?  by 
which  the  initial  space  heating  load  LH0  is  reduced.  LCClr  for  various 
load  reductions  are  measured  along  the  vertical  axis.  The  lower  scale 
in  figure  3.5  shows  the  combined  space  heating  and  hot  water  load 
(Lj  =  L„j  +  Lw)  corresponding  to  each  /?. 

Figure  3.6  shows  in  the  upper  portion  a  family  of  LCCr  curves;  in  the 
middle  portion  are  LC  curves;  and  in  the  lower  portion,  solar  perfor¬ 
mance  curves  for  alternative  loads  (Lj).  The  figure  also  shows  a  life-cycle 
cost  curve  (LCC'  °)  for  a  nonsolar  energy  system  providing  all  the  energy 
to  meet  the  initial  load  of  L0,  used  to  derive  the  LCS-j-  curves.  For  any 
given  load,  the  optimal  collector  area  Af,  which  is  indicated  on  the  hori¬ 
zontal  axis,  and  the  traction  of  load  supplied  by  solar  F*,  which  is  indi- 
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cated  on  the  lower  segment  of  the  vertical  axis,  occur  at  the  minimum 
point  on  the  LCC^j  curve  or  the  corresponding  maximum  point  on  the 
LCSjJ  curve.  The  optimal  amount  of  nonsolar  energy  input  is  simply 
(1  —  Ff).  The  optimal  combination  of  all  inputs,  including  load  reduc¬ 
tion  options,  occurs  at  the  minimum  point  of  the  lowest  LCC^'  curve 
among  the  family  of  LCC^  curves  or  the  corresponding  maximum  point 
on  the  highest  LCS^  curve.  For  example,  the  optimal  combination  of  all 
inputs  in  figure  3.6  occurs  at  the  minimum  point  on  the  LCC^  curve, 
which  is  the  same  as  the  maximum  point  on  the  LCSjj  curve.  The  opti¬ 
mum  is  found  to  be  Af*  of  solar  collector  area,  Ff*  fraction  of  the  load 
by  solar,  1  —  Ff*  fraction  of  the  load  met  by  nonsolar  energy  input,  and 
/if*  of  load  reduction,  corresponding  to  a  combined  thermal  load  of 
L  i  =  LH1  +  Lw. 

3.2  Alternative  Empirical  Approaches  to  Economic  Modeling 

The  previous  section  reviewed  the  foundations  of  economic  models  used 
in  solar  energy  design  and  economic  feasibility  studies.  However,  to  be 
useful,  these  economic  models  must  be  linked  to  solar  thermal  perfor¬ 
mance  models  to  determine  empirically  the  optimal  solar  energy  system  de¬ 
sign  and  its  economic  feasibility.  A  variety  of  empirical  approaches  were 
developed  for  this  purpose,  ranging  from  simple  and  inexpensive  mathe¬ 
matical  models  to  complex  and  expensive  computer  simulation  models. 
This  section  reviews  the  alternative  empirical  approaches  to  modeling 
that  were  developed  to  evaluate  the  economics  of  solar-produced  energy. 

3.2.1  Computer  Simulation  Models 

A  number  of  computer  simulation  models  were  developed  to  evaluate  the 
thermal  and  economic  performance  of  solar  energy  systems.  Table  3.1 
summarizes  the  most  frequently  used  computer  packages  available  for 
combined  economic  and  solar  thermal  analyses.  Most  of  these  programs 
contain  the  same  basic  component  models  but  vary  in  their  complexity. 
General  subroutines  within  the  programs  represent  the  physical  pieces  of 
equipment  that  comprise  a  combined  conventional  solar  energy  system. 
The  user  is  responsible  for  instructing  the  programs  as  to  how  the  com¬ 
ponents  are  connected  and  what  the  design  parameters  are  for  each  com¬ 
ponent.  The  programs  generally  perform  the  necessary  simulations  by 
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Table  3.1 

Summary  of  existing  solar  energy  computer  programs  with  economic  analysis  capability 


Availability  Applicati<yi 


Special  Service 


Program 

name 

Latest 

version 

Purchase 

($) 

Time 

share 

arrange¬ 

ments 

Comments 

User 

manual 

hot 

water 

Space 

heating 

Space 

cooling 

Process 

heat 

BLAST" 

1980 

Nom. 

yes 

no 

Training 

available 

yes 

yes 

yes 

yes 

no 

DOE-2* 

1980 

400 

yes 

no 

yes 

yes 

yes 

yes 

no 

EMPSS 

1978 

500 

no 

yes 

Consulting 
with  Arthur 

D.  Little 

yes 

yes 

yes 

yes 

no 

F-CHART 

1978 

100 

yes 

no 

Training 

available 

yes 

yes 

yes 

no 

no 

FREHEAT 

1979 

150 

no 

no 

Limited 

documentation 

no 

no 

yes 

no 

no 

HUD-RSVP/2 

1979 

175 

yes 

no 

Based  on 

F-CHART 

yes 

yes 

yes 

no 

no 

PACE 

1980 

100 

yes 

no 

Based  on 

F-CHART, 

SLR 

yes 

yes 

yes 

no 

no 

SHASP 

1978 

Available 
on  request 

no 

no 

yes 

yes 

yes 

yes 

no 

SOLCOST 

1979 

300 

yes 

no 

yes 

yes 

yes 

no 

no 

SOLFIN  2 

1980 

Nom. 

no 

yes 

Documentation 
costs  $6 

yes 

yes 

yes 

yes 

yes 

SOLOPT 

1978 

20 

no 

no 

\ 

yes 

yes 

yes 

no 

no 

SUNCAT 

1979 

Nom. 

no 

no 

Limited 

documentation 

yes 

no 

yes 

no 

no 

SUNSYM® 

1979 

yes 

yes 

Offered  as 
service  only 

yes 

yes 

yes 

yes 

no 

SYRSOL 

1978 

Nom. 

no 

no 

Available 
but  not 
actively 
marketed 

no 

ye* 

yes 

yes 

no 

TRACE 

SOLAR" 

1980 

yes 

yes 

Offered  as 
service  only 

yes 

yes 

yes 

yes 

yes 

TRNSYS 

1979 

200 

yes 

no 

Training 

required 

yes 

yes 

yes 

yes 

yes 

TWO  ZONE 

1977 

No  charge 

no 

yes 

yes 

no 

yes 

yes 

no 

WATSUN  II, 

III 

1980 

Contact 

author 

no 

no 

yes 

yes 

yes 

no 

no 

Source:  SERI  (1980)  and  Powell  and  Barnes  (1982). 

a.  Programs  arc  primarily  developed  for  large-scale,  mullizonc  applications 

b.  ANSI  1966  Standard  Fortran. 
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Intended  users 

Computation 

interval 

Active 

system 

Passive 

system 

Research 

engineers 

Architect/ 

engineers 

Builders 

Hour 

Month 

Computer 

versions 

available 

Economic 

analysis 

Sponsor 

yes 

yes 

yes 

yes 

no 

yes 

no 

CDC 

yes 

USAF,  USA,  GSA 

yes 

yes 

yes 

yes 

no 

yes 

no 

CDC 

yes 

LASL,  DOE 

yes 

Being 

added 

yes 

yes 

no 

yes 

no 

IBM 

yes 

EPRI 

yes 

no 

no 

yes 

yes 

no 

yes 

CDC,  IBM, 
UNIVACb 

yes 

DOE 

no 

yes 

yes 

no 

no 

yes 

no 

CDC 

yes 

DOE 

yes 

no 

no 

yes 

yes 

no 

yes 

CDC, 

UNIVAC 

yes 

HUD 

yes 

yes 

no 

yes 

yes 

no 

yes 

CDC, 

UNIVAC 

yes 

DOE,  SERI 

yes 

no 

yes 

no 

no 

yes 

no 

UNIVAC 

yes 

DOE 

yes 

yes 

yes 

yes 

yes 

no 

yes 

CDC,  IBM, 
UNIVAC 

yes 

DOE 

yes 

yes 

yes 

yes 

yes 

Annual 

IBM,  CDC 

yes 

California 

Energy 

Commission 

yes 

no 

yes 

no 

no 

no 

yes 

AMDAHL 

yes 

Texas  A&M 

Univ. 

no 

yes 

yes 

yes 

no 

yes 

no 

Data 

General 

Eclipse 

yes 

NCAT 

yes 

no 

no 

yes 

no 

yes 

no 

IBM 

yes 

Sunworks  Computer 
Systems 

yes 

no 

yes 

yes 

yes 

yes 

no 

IBM 

yes 

ERDA,  NSF,  DOE 

yes 

no 

yes 

yes 

no 

yes 

yes 

IBM 

yes 

The  Trane  Co. 

yes 

yes 

yes 

no 

no 

yes 

no 

CDC,  IBM, 
UNIVAC 

Being 

added 

DOE 

yes 

yes 

yes 

no 

no 

yes 

no 

CDC 

yes 

LBL 

yes 

no 

yes 

no 

no 

yes 

no 

IBM 

yes 

National  Research 
Center  of  Canada 
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solving  a  system  of  algebraic  and  differential  equations.  All  the  programs 
are  in  the  public  domain  and  were  developed  with  federal  funds. 

Because  of  the  general  complexity  of  these  programs,  a  detailed  review 
is  not  possible  for  the  present  discussion.  However,  a  recent  study  con¬ 
ducted  by  the  National  Bureau  of  Standards  (Powell  and  Barnes,  1982) 
compared  six  of  the  most  widely  used  programs  in  terms  of  their  sim¬ 
ilarities  and  differences  and  advantages  and  disadvantages.  An  earlier 
study  by  Freeman,  Maybaum,  and  Chandra  (1978)  compared  the  non¬ 
economic  aspects  of  four  solar  simulation  programs.  The  following  pro¬ 
grams  were  included  in  the  Powell  and  Barnes  study:  solcost.  f-chart 
3.0,  f-chart  4.0,  blast,  doe-2,  and  fedsol.  Table  3.2  summarizes  their 
findings  on  the  advantages  and  disadvantages  of  each  program.  Although 
the  analysis  focused  on  using  these  programs  for  evaluating  federal  solar 
energy  projects,  it  provided  useful  insight  into  the  general  strengths  and 
weaknesses  of  the  programs  for  a  wide  variety  of  applications. 

The  six  computer  programs  were  also  analyzed  using  test  cases  to  com¬ 
pare  predictions  of  economic  performance  and  optimal  system  size.  The 
analysis  was  performed  for  a  representative  single-family  detached  resid¬ 
ence  and  a  low-rise  office  building.  Figures  3.7  and  3.8  summarize  the  re¬ 
sidential  building  test  case  differences  found  among  four  of  the  programs. 
Figures  3.9  through  3.11  summarize  the  commercial  building  test  case 
differences  found  among  six  of  the  programs.  Note  that  in  each  case,  the 
designs  show  a  negative  net  savings;  that  is,  solar  was  not  cost-effective 
for  the  economic  data  used  in  the  study.  As  illustrated  in  figures  3.7  and 
3.8,  the  optimal  collector  area  (maximum  net  savings,  even  though  net 
savings  are  negative)  for  a  residential  building  located  in  Washington 
D  C.,  ranged  from  a  low  of  152  ft2  (14.1  m2)  using  f-chart  3.0  to  a^hieh 
of  209  ft  (19.4  m2)  using  f-chart  4.o.  For  Bismarck,  North  Dakota,  the 
range  was  244  ft2  (22.7  m2)  using  f-chart  4.o  to  365  ft2  (33.9  m2)  using 
fedsol.  With  respect  to  thermal  performance  the  programs  predicted 
annual  solar  fraction  for  a  given  size  collector  area  to  within  2%  of  each 
other  in  Bismarck,  North  Dakota,  and  within  5%  in  Washington,  D  C 
Predichons  of  optimal  solar  fraction  varied  slightly  more,  differing  by 
8/o  for  both  cities.  Similar  results  were  obtained  in  comparing  an  office 
building  m  Washington,  D.C.,  as  illustrated  in  figures  3.9,  3.10  and  3  1 1 
Differences  in  the  economically  optimal  collector  area  and  solar  fraction 
can  be  attributed  to  differences  in  the  solar  thermal  performance  pre¬ 
dictions,  m  the  economic  variables  included  in  the  programs,  and  in  the 
optimization  routines  employed  in  the  programs. 


Table  3.2 

Advantages  and  disadvantages  of  selected  simulation  programs 

Program  Advantages  Disadvantages 
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Figure  3.7 

Economic  and  thermal  performance  curves  derived  from  fedsol,  f-chart  3.0,  f-chart  4.0, 
and  solcost  for  a  residential  space  heating  system  in  Bismarck,  North  Dakota  (savings 
reported  in  1980  dollars;  1985  dollars  =  1.30  x  1980  dollars).  From  Powell  and  Barnes 
(1982). 
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Collector  area,  m2 


Figure  3.8 

Economic  and  thermal  performance  curves  derived  from  fedsol,  f-chart  3.0,  f-chart  4.0, 
and  solcost  for  a  residential  space  heating  system  in  Washington,  D.C.  (savings  reported  in 
1980  dollars;  1985  dollars  =  1.30  x  1980  dollars).  From  Powell  and  Barnes  (1982). 


Net  savings,  thousand  $  Annual  solar  fraction,  % 
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Figure  3.9 

Economic  and  thermal  performance  curves  derived  from  blast  and  doe-2  for  a  space  and 
service  water  heating  system  for  a  federal  office  building  in  Washington,  D.C.  (savings 
reported  in  1980  dollars;  1985  dollars  =  1.30  x  1980  dollars).  From  Powell  and  Barnes 
(1982). 
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Collector  area,  ft2 


Figure  3.10 

Economic  and  thermal  performance  curves  derived  from  blast,  fedsol,  f-chart  3.0, 
f-chart  4.0,  and  solcost  for  a  space  and  service  water  heating  system  for  a  federal  office 
building  in  Washington,  D.C.  (savings  reported  in  1980  dollars;  1985  dollars  =  1.30  x  1980 
dollars).  From  Powell  and  Barnes  (1982). 
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Collector  area,  m2 


Figure  3.11 

Economic  and  thermal  performance  curves  derived  from  doe-2,  fedsol,  f-CHArt  3.0, 
f-chart  4.0,  and  solcost  for  a  space  and  service  water  heating  system  for  a  federal  office 
building  in  Washington,  D.C.  (savings  reported  in  1980  dollars;  1985  dollars  =  1 .30  x  1980 
dollars).  From  Powell  and  Barnes  (1982). 
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3.2.2  Deterministic  Models 

Several  simplified  models  were  developed  and  used  to  design  solar  energy 


♦ 

space  heating  and  domestic  hot  water  systems.  These  models  evaluate 


several  simple  algebraic  equations.  The  calculations  can  be  performed  by 
hand  or  by  using  a  pocket  calculator;  a  computer  is  not  necessary. 

For  example,  generalized  solar  performance  curves  for  solar  domestic 
hot  water  systems  in  commercial  buildings  were  developed  by  the  Los 
Alamos  National  Laboratory  (LANL).  The  curves  were  based  on  simu¬ 
lations  of  solar  performances  in  eight  U.S.  cities  using  a  domestic  hot 
water  profile  based  on  American  Society  of  Heating.  Refrigeration  and 
Air-Conditioning  Engineers  (ASHRAE)  data.  The  simulations  indicate 
that  the  monthly  fraction  /  of  hot  water  load  met  by  a  solar  energy 
system  can  be  expressed  as  a  function  of  the  ratio  AI]  L, ,  where  A  is  the 
collector  area,  /,•  is  the  solar  radiation  incident  on  a  tilted  collector  sur¬ 
face  in  month  j,  and  Lj  is  hot  water  load  in  month  /'.  Curve-fitting  equa¬ 
tions,  which  explicitly  describe  the  relationship  between  fj  and  A I ,  Ls.  are 
of  the  general  form 


for  0  <  AIj/Lj  <  0.8 
for  0.8  <  AIj/Lj  <  5.0, 


(3.43) 


where  a ,  b ,  and  c  are  parameters  whose  values  depend  on  hot  water  de¬ 
sign  temperature.  Table  3.3  provides  the  values  of  a .  />,  and  c  for  four  hot 
water  design  temperatures.  From  the  appropriate  form  of  equation 
(3.43),  the  monthly  fraction  of  hot  water  load  met  by  solar  heating  is 
determined  for  given  values  of  collector  area,  monthly  insolation,  and 
monthly  hot  water  load.  An  annual  fraction/ of  hot  water  load  met  by 
solar  energy  can  be  determined  from  monthly  performance  calculations 
using  the  relation 


12 


/=  X  Lj/jIL, 


(3.44) 


or,  substituting  equation  (3.43)  for /, 


12 


f=  \ 


aA/L  X  h 
j= i 


for  0  ^  AIj/Lj  <  0.8 


for 


0.8  ^  AIj/Lj  ^  5.0, 


where  L  is  the  annual  hot  water  load  (L  —  V  Lj). 


(3.45) 
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Table  3.3 

Parameters  corresponding  to  universal  curve  fit  equation 


Curve  fit 
identification 

Hot  water 
design  temperature 

number 

°F 

°C 

a 

b 

c 

I 

110 

43.3 

0.568 

1.153 

0.933 

II 

130 

54.4 

0.499 

1.080 

0.729 

III 

150 

65.6 

0.440 

0.978 

0.514 

IV 

170 

76.7  ' 

0.348 

0.966 

0.365 

The  universal  performance  curves  may  be  simplified  for  hot  water 
loads  that  are  uniformly  distributed  throughout  the  year.  For  uniform 
loads  an  annual  value  of  solar  radiation  can  be  employed  to  predict  the 
annual  fraction  of  load  met  by  solar  energy.  Thus,  equations  (3.44)  and 
(3.45)  simplify  to  equations  (3.46)  and  (3.47),  respectively: 

/  =  alA/L  for  0<AJ/L<0.S,  (3.46) 

/=  1  -  b-expi-cAI/L)  for  0.8  <  AI/L  <  5.0,  (3.47) 


where  I  —  A  typical  universal  solar  performance  curve  correspond¬ 
ing  to  equations  (3.46)  and  (3.47)  is  illustrated  in  figure  3.12. 

The  LANL  universal  solar  performance  curves  can  be  easily  linked  to 
the  LCCr  or  LCSr  model  presented  in  equation  (3.8)  or  (3.24),  respec¬ 
tively.  Ruegg  et  al.  (1982)  and  Sav  (1978)  use  the  LANL  solar  perfor¬ 
mance  model  with  an  economic  model  and  showed  that,  under  the  LCCr 
minimization  criterion  or  the  LCSr  maximization  criterion,  the  minimum 
or  maximum  point  always  occurs  in  the  nonlinear  range  of  the  LANL 
universal  performance  curves,  where  A  >  0.8L//in  figure  3.12.  Using  this 
result,  they  demonstrated  that  the  search  for  the  most  economical  and 
optimally  sized  solar  energy  system  can  be  reduced  to  a  single  deter¬ 
ministic  equation: 


L  ,  bcl(  1  -  ty)X 

=  —  In - = - , 

cl  vY 


(3.48) 


where  from  equations  (3.8)  through  (3.24) 

A=  Pc(l  +  0(1  -  tyW'B-'P/A^,  (3.49) 

and  Y  can  assume  one  of  four  possible  forms  (Sav,  1978)  depending  on 
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Figure  3.12 

General  form  of  a  universal  performance  curve. 


the  method  of  depreciation  (straight  line  or  declining  balance)  and 
whether  d  /  /  or  d  =  i.  For  a  declining  balance  depreciation  method  and 
d  7^  i. 


Y  =  q  +  (1  -  q)(A/PLm){P/Ad'J  -  tg(  1  +  d)~x 


+  {rr  +  /  )(1  -  tv){P/Ad  ,)  -  rt  (r  +  dn)  l-  —  ^  ^ 

n"(l  +  d)n 


*y(l  -  q) 


di 


i  -  i 


(A/Pi  n)  (  1  - 


1  +  A" 
\+d) 

\  +  i\n  d-i 
1  +d  ‘ 


+ 


d-  i 


d{  1  +  d)n 


(3.50) 


where  all  terms  are  as  defined  in  equations  (3.8)  through  (3.24).  (Here  it  is 
assumed  that  the  loan  life  is  equal  to  the  number  of  allowable  deprecia¬ 
tion  years.) 
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Figure  3.13 

General  form  of  a  universal  economic  optimization  path. 


The  general  form  of  equation  (3.48)  using  the  LCST  maximization 
criterion  is  illustrated  in  figure  3.13,  where  Lc  is  the  critical  hot  water 
load,  below  which  solar  is  not  cost-effective. 

Similar  methods  for  sizing  and  determining  the  economic  feasibility  of 
solar  energy  systems  were  developed  along  the  lines  of  the  LANL  ap¬ 
proach.  Hittle  et  al.  (1977),  Manning  and  Rees  (1982),  and  Lameiro  and 
Bendt  (1978)  developed  particularly  useful  and  simple  approaches  using 
this  general  method.  The  Lameiro  and  Bendt  (1978)  method,  developed 
at  the  Solar  Energy  Research  Institute  (SERI),  was  dubbed  the  gfl 
method  and  is  probably  the  closest  in  methodology  to  the  LANL  uni¬ 
versal  curve  approach.  The  gfl  method  essentially  correlates  a  large 
number  of  f-chart  runs.  To  calculate  the  annual  fraction/ of  load  met  by 
a  solar  energy  system,  the  gfl  method  relies  on  the  following  equation: 

/=  1  -  exp(  — 7?T  —  SY2),  (3.51) 

where 

R  =  A  +  BX  +  CX2 


(3.52) 
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and 

S  =  D  + EX  +  FX2.  ^  (3.53) 

X  and  Y  are  calculated  according  to  the  collector  design  parameters,  and 
A  through  F  are  tabulated  in  Lameiro  and  Bendt  (1978)  by  climatic  loca¬ 
tion  and  air  or  liquid  systems.  The  performance  curve  corresponding  to 
equation  (3.53)  is  similar  to  that  illustrated  in  figure  3.12,  except  that 
there  is  no  linear  section. 

As  with  the  LANL  universal  performance  curves  or  equations,  the  gfl 
method  can  be  easily  linked  to  one  of  the  economic  performance  models 
reviewed  in  section  3.1.2.  The  result  is  a  single  deterministic  equation 
from  which  an  economically  optimal  design  can  be  derived  quite  easily 
and  without  the  use  of  an  expensive  computer. 

3.2.3  Econometric  Models 

Econometric  models  apply  statistics  to  economics  and  have  long  played 
an  important  role  in  economic  modeling.  Although  econometrics  is  a 
broad  area  of  study,  the  primary  focus  here  is  on  using  multiple  regres¬ 
sion  analysis  to  estimate  solar  energy  system  performance  models.  This 
analysis  has  not  been  widely  used  but  offers  sufficiently  important  advan¬ 
tages  to  warrant  continued  and  increased  attention. 

Unlike  engineering  approaches  to  modeling  production  relationships, 
the  econometric  approach  requires  prior  specification  of  an  explicit  func¬ 
tional  form.  Statistical  data  are  then  used  to  estimate  the  parameters  of 
the  function.  One  of  the  most  popular  functional  forms  for  empirical  es¬ 
timation  is  the  Cobb-Douglas  production  function  of  the  form 

y=AU  *'"■  (3.54) 

where  A  is  an  efficiency  parameter,  af  is  the  elasticity  of  output  v  with  re¬ 
spect  to  solar  input  Xt,  and  the  returns-to-scale  parameter  is  the  sum  of 
the  a(.  Returns  to  scale  may  be  either  decreasing,  constant,  or  increas¬ 
ing,  depending  on  whether  this  sum  is  less  than  unity,  equal  to  unity,  or 
greater  than  unity.  Returns  to  scale  have  important  economic  implica¬ 
tions  for  the  underlying  solar  production  process.  For  decreasing  returns 
to  scale  an  equal  proportionate  increase  in  all  solar  inputs  will  result  in 
less  than  a  proportionate  increase  in  output.  Likewise,  an  equal  propor¬ 
tionate  increase  in  all  inputs  will  result  in  the  same  proportionate  increase 
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in  output  when  the  production  process  exhibits  constant  returns  to  scale 
and  a  greater  than  proportionate  increase  when  an  increasing  returns  to 
scale  exists. 

Returns  to  scale  also  carry  dual  implications  with  respect  to  the  costs 
of  producing  different  levels  of  output.  Given  fixed  input  prices,  decreas¬ 
ing  returns  to  scale  imply  that  a  doubling,  for  example,  of  output  from  a 
solar  process  will  more  than  double  the  total  cost  of  producing  solar  en¬ 
ergy.  Similarly,  a  doubling  of  output  will  just  double  total  costs  when  the 
underlying  production  process  is  of  the  constant  returns-to-scale  variety 
and  less  than  double  total  costs  in  the  increasing  returns-to-scale  case. 

Econometric  estimation  of  a  specific  form  such  as  equation  (3.54)  re¬ 
quires  adequate  statistical  data  on  observed  solar  process  inputs  and  re¬ 
sulting  energy  outputs.  In  this  respect  the  lack  of  econometric  estimates 
of  solar  energy  production  processes  can  be  attributed  to  the  absence  of 
statistical  data  on  historically  observed  solar  inputs  and  outputs.  This  is, 
of  course,  because  solar  energy  applications  are  relatively  new  or,  at  least, 
they  have  not  been  adopted  on  a  wide  scale.  On  the  other  hand,  it  is  pos¬ 
sible  to  supplant  statistical  data  with  data  generated  from  a  solar  energy 
simulation  model.  That  is,  we  may  choose  one  of  the  models  discussed  in 
section  3.2.1  to  determine  the  solar  energy  outputs  that  arise  from  dif¬ 
ferent  size  systems  and  use  these  data  to  supplant  statistically  observed 
data  in  the  econometric  estimation  of  equation  (3.54). 

Peterson  (1979)  used  this  latter  technique  in  estimating  the  following 
Cobb-Douglas  production  function  for  solar  heating,  cooling,  and  do¬ 
mestic  hot  water: 

Qs  =  aLbAcVd,  (3.55) 

where  Qs  is  useful  energy  supplied  by  the  solar  energy  system  to  meet  the 
total  load,  L  is  the  total  load,  A  is  the  collector  area,  and  V  is  storage 
volume.  The  parameters  a  through  d  were  estimated  using  data  obtained 
from  repeated  runs  on  TRNSYS.  The  result  was 

Qs=  1.3478L°'4809zI0'4801  F0'0550.  (3.56) 

Equation  (3.56)  suggests  that,  for  a  given  energy  load  L,  equal  propor¬ 
tionate  increases  in  collector  area  and  storage  volume  increase  solar  en¬ 
ergy  output  by  less  than  those  proportionate  increases;  that  is,  the  sum  of 
the  exponents  on  A  and  V  sum  to  less  than  unity,  thereby  indicating  de¬ 
creasing  returns  to  scale. 
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Such  econometric  representations  of  solar  production  processes  can  be 
easily  incorporated  into  the  cost  models  presented  in  section  3.1.2  and 
therefore  can  be  used  to  evaluate  optimal  design  strategies  and  alterna¬ 
tive  tax  incentive  packages  on  the  economic  feasibility  of  solar  energy. 


3.3  Summary 

In  this  chapter  I  reviewed  the  development  and  use  of  economic  models 
that  evaluate  solar  energy  systems  in  residential  and  commercial  build¬ 
ings.  After  reviewing  the  theoretical  development  and  the  foundations  on 
which  economic  models  of  energy  analyses  are  based,  several  optimal  de¬ 
sign  models  were  presented.  These  models  were  generally  of  the  so-called 
life-cycle  cost  type,  although  traditional  models  based  on  microeconomic 
theory  were  also  presented.  Applying  these  models  proved  both  feasible 
and  fruitful  in  the  cost  analyses  and  optimal  design  of  solar  energy  sys¬ 
tems.  The  ability  of  these  models  to  incorporate  financial  incentives  for 
solar  energy  systems  also  proved  to  be  a  valuable  tool  for  building  de¬ 
signers,  engineers,  and  public  policymakers  at  all  levels  of  government. 

In  this  chapter  I  also  reviewed  extensions  of  the  basic  models  in  the 
context  of  more  sophisticated  analysis  related  to  the  optimal  timing  of 
solar  investments  and  the  more  general  problem  of  integrating  the  optimal 
design  of  solar  energy  systems  with  energy  conservation  investments. 
Although  the  basic  framework  for  integrating  simultaneous  investment 
decisions  was  established,  more  work  is  needed  in  this  area  to  establish 
empirically  workable  models. 

Numerous  empirical  approaches  to  economic  models  were  developed 
to  analyze  the  cost-effectiveness  of  solar  energy  systems.  I  reviewed  the 
more  widely  used  approaches  and  specific  models.  These  ranged  from 
large-scale  computer-simulated  models  to  simple  deterministic  models 
and  econometric  models.  Each  has  its  own  particular  strengths  and  weak¬ 
nesses  depending  on  the  user’s  needs.  Certainly  all  have  played  a  critical 
role  in  establishing  the  technological  and  economic  feasibility  of  solar  en¬ 
ergy  under  a  variety  of  conditions. 

Most  important,  economic  models  have  been  and  will  continue  to  be 
an  essential  part  of  the  increasing  interest  in  determining  the  market  pen¬ 
etration  of  solar  energy. 
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In  this  chapter  I  describe  studies  and  modeling  efforts  undertaken  be¬ 
tween  1973  and  1983  to  support  the  federal  government’s  solar  energy 
program.  These  studies  assessed  market  potential  and  impacts  of  the  use 
of  solar  technologies.  Two  primary  uses  for  the  solar  energy  market  pro¬ 
jections  were  planning  and  promotion. 

Planners  involved  in  selecting  and  managing  research  and  development 
(R&D)  of  solar  technologies,  such  as  the  intensive  management  of  high- 
growth  trees  and  plants  for  energy  use,  quickly  recognized  that  it  would 
take  years  and  even  decades  before  the  products  of  their  programs  would 
have  significant  impacts  on  the  nation’s  energy  budget.  To  compare  the 
trade-offs  of  different  technical  approaches,  they  needed  to  consider  the 
timing,  cost,  and  performance  of  each  element  of  the  programs.  Planners 
also  realized  that,  if  solar  energy  was  to  have  a  major  impact  in  this  cen¬ 
tury,  the  federal  government  would  have  to  take  an  active  role  in  promot¬ 
ing  the  rapid  use  of  a  wide  range  of  options  that  were  loosely  grouped 
under  the  government’s  solar  program.  Planners  of  these  incentives  pro¬ 
grams  needed  to  analyze  energy  user’s  responses  to  solar  technologies 
available  in  the  marketplace.  To  do  this  analysis,  they  needed  to  consider 
the  full  range  of  options  available  to  users,  including  existing  and  new 
uses  of  gas,  oil,  and  electricity  competing  with  the  commercial  products 
resulting  from  solar  research  and  development  activities.  To  further  com¬ 
plicate  the  analysis,  investments  in  capital-intensive  solar  technologies 
would  be  strongly  affected  by  interest  rates,  inflation,  tax  treatment,  and 
the  risks  perceived  by  users  and  their  financiers.  Thus  project  managers 
for  solar  programs  had  to  deal  not  only  with  the  risks  inherent  in  research 
and  development  of  complex  equipment  but  also  with  the  uncertainties  of 
trying  to  predict  investment  alternatives  twenty  years  in  the  future. 

Market  assessments  also  promoted  a  particular  policy  or  program. 
This  advocacy  is  a  healthy  and  necessary  part  of  any  program,  whether  it 
is  in  industry  or  government.  Without  champions,  many  of  today’s  tech¬ 
nological  achievements,  such  as  telephones  and  airplanes,  would  not  be 
available.  Solar  market  assessments  were  particularly  interesting  because 
the  widespread  use  of  solar  energy  had  the  potential  to  touch  every  seg¬ 
ment  of  the  economy  from  heating  water  in  the  home  to  beaming  energy 
to  earth  from  orbiting  solar  generators.  Moreover,  a  significant  portion 
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of  the  populace  identified  with  solar  energy  as  a  way  to  a  simpler  and 
more  self-sufficient  lifestyle.  A  conflict  between  long-term  R&D  planning 
and  the  public  policy  issues  of  self-reliance  and  ecology  pervaded  the  de¬ 
velopment  and  use  of  the  models  and  market  assessments  throughout  the 
period  considered  here. 

In  the  following  sections  I  discuss  a  multilevel  structure  for  classifying 
the  different  types  of  models  and  assessments,  provide  a  chronological 
overview  of  the  major  market  assessments,  and  assess  the  various  for¬ 
mal  models  used  in  these  federally  funded  studies.  The  primary  empha¬ 
sis  is  on  the  models  and  their  assumptions  rather  than  on  the  political 
motivations. 

4.1  A  Multilevel  Structure  for  Using  Market  Potential  Estimates 
in  Federal  Planning 

The  stated  objectives  of  much  of  the  federally  funded  solar  market  pene¬ 
tration  (potential)  studies  were  policy  analysis  and  goal  setting:  research, 
development,  and  demonstration  (RD&D)  planning;  incentives  analysis: 
commercialization  analysis;  and  impacts  assessment.  Each  of  these  objec¬ 
tives  addressed  different  aspects  of  the  federal  government's  role  in  sup¬ 
porting  the  development  and  use  of  energy  technologies.  The  goals  of 
policy  analysis  were  to  answer  the  questions  of  what  was  achievable  and 
what  was  best  for  the  country.  These  goals  were  then  transformed  into 
specific  programs,  which  initially  concentrated  on  developing  specific 
technologies  and  demonstrating  their  technical  feasibility.  Incentives 
analysis  investigated  the  federal  and  state  government  inducements  that 
could  encourage  the  development  and  use  of  solar  technologies,  such  as 
the  development  ot  standards,  tax  benefits  to  producers  and  users,  low- 
interest  loans,  and  similar  incentives.  The  incentives  concept  was  later 
broadened  to  analyze  the  appropriate  federal  role  in  accelerating  the 
commercialization  ot  solar  technologies.  Finally,  impacts  assessments  in¬ 
vestigated  the  effects  that  widespread  use  of  solar  energy  would  have  on 
labor,  environment,  economic  growth,  and  other  nonenergy  sectors. 

As  the  nation’s  energy  program  grew  and  matured,  a  multilevel  struc¬ 
ture  for  estimating  the  market  potential  and  estimated  energy  contribu¬ 
tions  of  solar  energy  developed.  This  structure  considered  at  least  three 
dimensions: 
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1.  The  solar  technology  being  used  (important  because  the  funding  and 
programs  were  initially  organized  by  technology) 

2.  The  application  of  the  energy  being  used  (important  because  it  deter¬ 
mined  the  nature  of  the  energy  demand  and  the  price  of  the  competing 
energy  sources) 

3.  The  type  of  fuel  displaced  by  the  technology  (initial  assessments  were 
one-for-one  fuel  displacement  trade-offs) 

Estimating  the  contributions  of  solar  energy  can  be  viewed  as  a  tree¬ 
like  process  that  consolidates  detailed  results  from  smaller  analyses,  com¬ 
bining  fuel  types  and  applications.  In  this  section  this  hierarchical  process 
is  organized  around  physical  energy  flows  in  a  bottom-up  approach  from 
individual  uses  to  the  aggregated  totals  for  the  country.  The  levels  are 
national  and  international  supply-demand-price  models,  industry  devel¬ 
opment  models,  major  use  categories  (for  example,  residential),  market 
segment  application  (for  example,  single-family  hot  water),  and  technology- 
specific  price/performance  comparisons. 

The  models  in  this  section  are  discussed  by  major  category.  Many 
of  the  models  contain  submodels  or  estimating  parameters  and  thus  can 
operate  without  the  support  of  other  estimates  and  models. 

At  the  bottom  of  this  hierarchy,  technology-specific  price/performance 
comparisons,  are  trade-offs  between  similar  design  choices,  for  example, 
the  size  of  the  solar  collector  on  a  hot  water  system  in  Denver.  These  sub¬ 
models  were  surrogates  for  the  design  process  that  would  take  place  as 
individual  applications  were  evaluated. 

Individual  market  segment  models  typically  included  the  user’s  choice 
to  buy  new  equipment  or  retrofit  equipment  to  reduce  energy  bills.  These 
individual  segments  were  then  aggregated  by  the  next  level  of  major  use 
categories,  for  which  standard  reports  were  available. 

The  growth  of  a  solar  energy  industry  was  an  important  input  to  sev¬ 
eral  models  as  well  as  an  important  benefit.  No  organized  solar  industry 
existed  in  1973,  and  it  was  expected  that  the  widespread  development  of 
solar  energy  would  create  jobs  as  sales  volume  would  reduce  the  early 
high  product  cost. 

In  this  chapter  I  concentrate  on  national  energy  supply  and  demand 
models,  national  solar  models,  and  market  segment  and  technology 
models.  Other  levels  of  the  hierarchy  are  represented  with  different  de¬ 
grees  of  detail  in  these  models. 
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1 .  National  energy  supply  and  demand  models 

a.  Project  Independence  Evaluation  System/Mid-Term  Energy  Fore¬ 
casting  System  (pies/mefs)  * 

b.  Brookhaven  National  Labs  Model 

c.  fossil  1  and  fossil2 

2.  National  solar  models 

a.  System  for  Projecting  the  Utilization  of  Renewable  Resources 
(spurr) 

b.  Solar  Working  Group 

3.  Market  segment  and  technology  models 

a.  Arthur  D.  Little  (Heating  and  Cooling) 

b.  Energy  and  Environmental  Analysis,  Inc.  Industrial  Process  Heat 
Model  (eea) 

c.  Oak  Ridge  Conservation  Model 

This  list  of  models  is  not  complete  because  it  is  limited  to  formal  govern¬ 
ment-funded  models.  The  models  included  had  to  be  relatively  well  docu¬ 
mented  and  able  to  create  consistent  and  reproducible  estimates.  Therefore 
literally  thousands  of  qualitative  or  less  formal  estimates  of  the  solar  en- 
ergy  contributions  were  excluded.  Many  of  these  estimates  were  at  least 
as  good  as  the  ones  produced  by  the  more  formal  models.  In  fact,  the 
formal  models  cited  here  were  always  calibrated  to  what  was  “reason¬ 
able.’  This  is  common  in  estimating  future  outcomes  where  the  essential 
parameters  inflation,  R&D  progress,  energy  demand  and  prices,  con¬ 
sumer  response,  and  industry  growth — were  all  subject  to  rapid  and 
uncharted  changes. 

4.2  Overview  of  Market  Potential  Estimates 

The  scope  and  emphasis  of  the  models  continually  changed  and  evolved 
with  the  solar  energy  program  between  1973  and  1983.  The  federal  pro¬ 
gram  had  its  beginnings  in  the  National  Science  Foundation  (NSF)  and 
the  National  Aeronautics  and  Space  Administration  (NASA).  The  initial 

emphasis  tended  to  be  on  heating  and  cooling  technology  and  on  elec¬ 
tricity  production. 
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Thus  the  original  market  potential  estimates  concentrated  on  the  im¬ 
pacts  of  residential  heating  and  cooling  and  the  production  of  electricity 
by  solar  technologies  that  were  patterned  after  conventional  forms  of 
electric  power  generation.  The  primary  emphasis  was  in  trying  to  under¬ 
stand  the  technical  trade-offs  that  would  form  the  basis  for  the  large 
R&D  programs  that  were  being  formulated  in  the  wake  of  the  Arab  oil 
embargo.  Typical  questions  of  interest  were,  Is  the  cost  performance  of  a 
trickle-down  collector  better  th^n  that  of  an  air  collector?  What  is  the 
value  of  power  from  a  solar  electric  power  system  with  no  storage  and 
only  statistically  reliable  sunlight?  Will  the  eventual  installed  cost  of  flat- 
plate  collectors  reach  $4.00/ft2  ($43.44/m2)  if  they  are  mass  produced?  If 
so,  what  will  that  do  to  the  large-scale  use  of  solar  heating? 

Such  questions  were  important  as  the  nation  grappled  with  the  termi¬ 
nology,  technology,  economics,  and  politics  of  energy.  Issues  were  raised 
by  the  questions  that  identified  problems  that  the  general  public  and  most 
of  the  government  had  abandoned  to  the  oil,  gas,  and  coal  companies  and 
the  utilities.  In  1973  the  tools  available  to  the  solar  energy  planner  were 
conceptual  engineering  models  of  the  components  of  solar  systems,  for 
example,  double-walled  heat  exchangers  and  fossil  and  electric  planning 
models.  The  field  was  so  newly  rediscovered  that  no  infrastructure  was 
developed  to  understand  the  cost/performance  of  “real  systems”  or  to 
predict  the  actual  impact  these  would  have  on  other  sources  of  energy. 
Moreover,  no  concept  was  established  that  the  demand  for  energy  was 
elastic  and  subject  to  choice  by  the  consumer. 

Out  of  thousands  of  projections,  guesses,  and  surveys  on  the  eventual 
use  of  solar  energy,  the  following  events  and  studies  are  of  special  import¬ 
ance  because  they  marked  the  use  of  a  particular  methodology  or  had  a 
major  impact  on  federal  policy  or  programs.  The  results  and  references 
are  covered  in  more  detail  in  the  next  sections. 


Date  Event  or  study 


Fall  1973 
November  1973 
December  1973 
November  1974 
June  1975 


OPEC  oil  embargo 

Nixon  energy  independence  speech 

National  Science  Foundation  Plan 

Project  Independence  Report 

Energy  Research  &  Development  Administration 

Heating  &  Cooling  Program  (ERDA-4a) 
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Date 

Event  or  study 

January  1976 

Centralized  solar  projections  * 

February  1976 

National  Energy  Outlook 

April  1976 

Creating  choices  for  the  future  (ERDA  76-1) 

November  1976 

Analysis  of  solar  water  &  space  heating 

January  1977 

Solar  Energy  in  America’s  Future 

April  1977 

The  National  Energy  Plan 

Spring  1977 

Soft  Energy  Paths  (Lovins,  1977) 

March  1978 

Comparative  analysis  to  2020 

April  1978 

Solar  Energy:  Progress  and  Promise 

June  1978 

Office  of  Technology  Assessment  Study  (1978) 

October  1978 

Domestic  Policy  Review  (DPR) 

May  1979 

National  Energy  Plan  II 

December  1979 

National  Academy  of  Sciences  Study  (Committee  on 
Nuclear  and  Alternative  Energy  Systems.  1979) 

January  1980 

National  Plan  for  the  Commercialization  of  Solar 
Energy 

Spring  1980 

Harvard  Business  School  Energy  Project 

April  1981 

Building  a  Sustainable  Future 

Fall  1982 

America’s  Solar  Potential:  A  National  Study  of  the 
Residential  Solar  Consumer 

The  following  sections  in  this  chapter  look  at  the  chronological  pro¬ 
gression  of  the  policy,  technical,  and  economic  issues  and  responses  as 
they  developed.  The  chronology  is  important  because  the  data  and  tools 
became  more  sophisticated  as  time  went  on  and  the  focus  of  the  issues 
shifted  from  technical  to  social  and  economic. 

4.2.1  Embargo  through  1976 

Shortly  after  the  Arab  oil  embargo  the  National  Science  Foundation  re¬ 
leased  a  report  of  a  study  (MITRE  Corporation,  1973)  that  identified 
seven  solar  technologies:  heating  and  cooling  of  buildings,  process  heat 
for  agriculture  and  industry,  solar  thermal  electric  generation,  ocean 
thermal  gradient  systems,  photovoltaic  systems,  wind  energy  systems, 
and  utilization  of  organic  materials.  Table  4. 1  gives  the  solar  potential 
identified  in  the  NSF  study  for  each  of  these  technologies  for  1980.  1985, 
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Table  4.1 

Solar  potential  from  the  NSF  study 


Solar  potential 

(%  of  U.S.  requirement) 

1980 

1985 

2000 

2020 

Total  U.S.  requirement,  quads/yra 

90 

120 

180 

180 

Heating  and  cooling  of  buildings 

0.01 

0.2 

2 

5 

Process  heat 

0 

0.1 

1 

10 

Solar  thermal 

0 

0.01 

2-5 

10 

Ocean  thermal 

0 

0.01 

1-5 

10 

Photovoltaic 

0 

0.01 

2-5 

10 

Wind  energy 

0.01 

1-3 

5-10 

15 

Organic  materials 

0.01 

0.7 

7 

10 

Total 

0.03 

2-4 

20-35 

70 

Source:  MITRE  Corporation  (1973). 
a.  1  quad  =  1015  Btu  =  1.055  x  108  TJ. 


2000,  and  2020.  The  study  defined  a  general  program  structure,  reviewed 
the  status  of  current  research  and  applications,  assessed  the  relative 
merits  of  potential  applications,  and  recommended  research  and  proof- 
of-concept  experiments.  In  addition,  the  study  developed  two  implemen¬ 
tation  scenarios  (minimum  production  and  accelerated  production)  for 
each  technology. 

The  NSF  program  described  in  this  study  provided  the  structure  for 
the  solar  program  that  eventually  moved  to  the  Energy  Research  and  De¬ 
velopment  Administration  (ERDA)  and  finally  to  the  U.S.  Department 
of  Energy  (DOE).  Although  the  energy  estimates  in  the  study  were  based 
on  the  ability  to  develop  and  produce  the  equipment,  they  provided  an 
early  claim  that  solar  energy  could  compete  with  other  conventional 
methods  of  energy  production.  The  analysis  contained  many  of  the  ele¬ 
ments  that  were  to  be  formalized  in  the  models  developed  later.  The 
scenarios  considered  energy  demand  by  market  segment,  competing  fuel 
prices,  and  a  measure  of  economic  merit — the  economic  viability  ratio. 
Many  NSF  staff  members  played  important  roles  in  subsequent  years,  for 
example,  D.  Beattie,  D.  Blieden,  R.  Cohen,  L.  Divone,  R.  Fields,  and 
L.  Herwig.  These  programs  and  many  of  the  people  involved  became  the 
nucleus  of  the  solar  research  programs  and  initiated  the  demonstration 
programs  as  well. 

While  NSF  was  developing  its  research  and  proof-of-concept  experi¬ 
ments,  the  Federal  Energy  Administration  (FEA)  was  creating  the  Proj¬ 
ect  Independence  Blueprint  (FEA,  1974)  using  the  Project  Independence 
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Table  4.2 

Solar  goals  from  the  1975  ERDA  study 


Goal 

1985 

*  2000 

2020 

Total  U.S.  demand,  quads/yr 

100 

150 

180 

Conversion  technology 

Direct  thermal 

0.2 

3 

20 

Solar  electric 

0.07 

5 

15 

Fuels  from  biomass 

0.5 

3 

10 

Total  solar  contribution 

0.77 

11 

45 

Estimated  %  of  demand 

0.08 

7 

25 

Source:  ERDA  (1975a). 


Evaluation  System  (pies),  which  consisted  of  an  immense  collection  of  in¬ 
terrelated  models  of  energy  production,  refining,  processing,  conversion, 
distribution,  transportation,  and  consumption.  It  utilized  price-supph 
curves  for  each  energy  source  and  region  of  the  country.  The  solar  pro¬ 
gram  provided  inputs  for  heating  and  cooling  of  buildings  and  electricity 
production.  Estimates  for  a  set  of  years— 1980,  1985,  1990— were  ob¬ 
tained  by  solving  a  large  linear  program.  The  primary  emphasis  was  on 
reducing  oil  imports  through  fuel  switching  and  on  increasing  domestic 
oil  production.  Because  of  the  short-term  outlook  of  the  study,  it  is  not 
surprising  that  solar  and  conservation  received  little  attention  and  that 
the  primary  contributors  to  import  reductions  were  increased  oil  produc¬ 
tion,  coal  and  nuclear  power  generation,  and  transportation  initiatives. 

In  1974  ERDA  was  formed  and  took  over  many  of  the  energy  programs 
that  had  existed  in  the  Atomic  Energy  Commission  (AEC),  Department 
of  Defense  (DOD),  FEA,  and  NSF.  The  solar  program  was  moved  to 
ERDA  with  a  mandate  to  pursue  vigorously  the  “goal  of  providing  the 
option  of  utilizing  solar  energy  as  a  viable  source  for  the  nation's  future 
energy  needs”  (ERDA,  1975a).  Table  4.2  identifies  the  goals  of  the 
ERDA  study,  which  were  ad  hoc  and  subjective  in  nature.  Although 
formal  models  were  not  used,  the  total  demand  and  many  other  parame¬ 
ters  were  made  consistent  with  the  Project  Independence  blueprint.  For 

the  most  part,  the  programs  were  carried  over  from  NSF  in  structure  and 
content. 

Although  ERDA  had  the  primary  responsibility  for  technology  and 
understanding  the  potential  impacts  of  their  programs,  the  primary  re¬ 
sponsibility  for  energy  forecasting  and  policy  assessment  rested  with 
FEA.  FEA  continued  the  work  that  began  with  the  Project  Independence 
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Report  (FEA,  1974)  and  produced  the  National  Energy  Outlook  (FEA, 
1976).  The  primary  emphasis  was  on  the  supply  and  demand  for  energy 
(oil,  gas,  and  electricity)  through  1985.  The  critical  factors  considered 
were  dependent  on  the  price  of  oil  and  the  effects  of  differing  assump¬ 
tions  about  reserves.  The  pies  model  was  being  used  throughout  the  study 
to  balance  and  integrate  the  estimates  for  each  region  and  market  sector. 
Because  the  emphasis  was  on  short-term  energy  contributions,  new  tech¬ 
nology  had  only  a  minor  role  ifi  the  formal  analysis.  The  executive  sum¬ 
mary  noted,  “Solar,  geothermal,  and  synthetic  fuels  will  make  only  a 
small  contribution  to  domestic  energy  supplies  by  1985  (about  1%).”  The 
summary  also  emphasized  that  “the  major  contribution  from  solar,  geo¬ 
thermal  and  synthetic  fuels  will  not  be  felt  until  after  1990.”  About  2 
quads  from  new  technology  were  included  in  their  “reference  scenario” 
for  1990.  Of  this  amount  only  a  small  portion  (approximately  0.2  quad) 
was  attributed  to  solar  with  the  vast  majority  of  the  potential  being 
assigned  to  synthetics.  A  second  estimate,  “total  under  most  optimistic 
assumptions,”  estimated  6  quads  in  1990  with  no  allocation  among  the 
technologies. 

A  wide  variety  of  conservation  alternatives  were  considered.  Two  of 
the  major  conclusions  were,  “An  active  conservation  program  could 
further  reduce  energy  demand  by  the  equivalent  of  3  million  barrels  per 
day,  reducing  the  annual  energy  growth  rate  to  2.2  percent  through 
1985,”  and  “Actions  which  improve  automobile  efficiency  and  the  effi¬ 
ciency  of  homes  and  office  buildings  would  have  the  greatest  impact  in 
the  next  ten  years”  (FEA,  1986).  Although  this  study  did  little  to  foster 
the  understanding  of  the  potential  for  solar  technologies,  the  price  and 
energy  demand  data  formed  the  basis  for  many  of  the  subsequent  techno¬ 
logy  studies. 

In  support  of  the  FEA  studies,  the  MITRE  Corporation  developed 
projections  for  the  centralized  solar  energy  conversion  systems  (Ben¬ 
nington,  Rebibo,  and  Vitray,  1976).  Seven  scenarios  were  presented 
based  on  two  reference  scenarios:  business  as  usual  (BAU)  and  high  solar 
development.  This  represented  the  initial  published  study  using  the  utility 
model  of  what  would  become  a  major  building  block  for  the  spurr  model 
(Bennington  et  al.,  1977).  Using  the  pies  BAU  demands,  the  solar  tech¬ 
nologies  were  compared  with  coal,  nuclear,  and  oil  power  plants  compet¬ 
ing  for  new  generation  capacity.  The  projected  ranges  included  a  delayed 
R&D  schedule  with  no  major  incentives,  up  to  high  estimates  represent- 
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Table  4.3 

Central  solar  potential  from  the  1976  MITRE  study 


Solar  potential 

1980 

1985 

1990 

Total  electric  demand,  quads/yra 

1.1 

8.3 

21 

Conversion  technology 

Wind 

0-0.007 

0.07-0.8 

0. 3-4.2 

Photovoltaics 

— 

— 

0-0.006 

Solar  thermal  electric 

— 

0-0.01 

0.01-0.06 

Ocean  thermal 

— 

0-0.004 

0.008-0.234 

Biomass 

0. 1-0.3 

0.2-0. 5 

0. 3-0.7 

Total  solar 

O 

© 

cn 

T 

rn 

© 

0. 6-5.2 

Estimated  %  of  demand 

9-27 

4-16 

3-25 

Source:  Bennington,  Rebibo,  and  Vitray  (1976). 
a.  Equivalent  energy  input. 


ing  the  maximum  rate  of  implementation  with  incentives  sufficient  to 
make  wind  and  solar  thermal  cost-effective.  Solar  potentials  for  five  con¬ 
version  technologies  discussed  in  the  study  are  given  in  table  4.3. 
Although  the  projections  were  replete  with  technical  problems,  this  study 
brought  together  the  initial  technology  database  that  was  expanded  and 
used  in  several  of  the  later  studies  by  MITRE  and  others.  The  inclusion 
of  on-site  energy  using  biomass  (wood  burning)  highlighted  the  dif¬ 
ficulties  of  accounting  for  energy  production  that  was  not  reported  as 
purchased  from  a  utility  or  its  equivalent. 

ERDA  released  its  plan  later  in  1976  (ERDA.  1976).  It  was  similar  to 
the  1976  FEA  study  in  that  it  stressed  the  role  of  the  private  sector  in 
commercializing  new  energy  technologies,  gave  a  high  priority  to  energy 
conservation,  and  recommended  increased  funding  for  RD&D  by  30%. 
The  major  winners  of  funding  were  nuclear,  with  a  73%  increase,  and 
conservation,  with  a  64%  increase.  A  35%  increase  was  recommended 
for  the  solar  energy  budget. 

The  ERDA  plan  was  notable  in  avoiding  outright  energy  projections. 
The  plan  correctly  stressed  specific  development  tasks,  milestones,  and 
possible  applications.  The  underlying  theme  for  the  plan  as  stated  in  the 
executive  summary  was,  “Decisions  . . .  must  be  made  today  in  the  face  of 
uncertainty,  without  foreclosing  future  options.  Indeed,  the  basis  for  un¬ 
dertaking  a  program  of  energy  RD&D  is  to  broaden  the  Nation's  range 
of  available  energy  options— to  create  energy  choices  for  the  future” 
(ERDA,  1976). 
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T able  4.4 

Solar  projections  from  the  1976  ERDA  plan3 


Conversion  technology 

1985 

2000 

Beyond 

2000 

Heating  and  cooling  of  buildings 

0.2 

2 

Agricultural  and  industrial 

Process  heat 

0.2 

3 

Solar  thermal  electric 

b 

b 

Photovoltaics 

nil 

0.004 

Wind 

nil 

0.002 

Ocean  thermal 

0 

0.002 

Fuels  from  biomass 

0.2 

2-5 

10-30 

Source:  ERDA  (1976). 

a.  No  demand  estimates  were  given;  all  data  in  quads/yr. 

b.  No  estimates. 


In  addition,  the  dialogue  was  broadened  to  include  analyses  of  several 
new  technical  issues  that  were  later  assimilated  in  more  formal  studies. 
These  issues  were  understanding  the  relationship  among  energy,  the 
economy,  and  the  environment;  calculating  the  net  energy  contributions 
of  energy  processes;  and  studying  market  penetration  by  specific  markets 
(for  example,  electric  utilities). 

The  detailed  discussions  of  the  solar  technologies  contained  the 
“goals”  or  projections  of  potential  solar  energy  contributions  shown  in 
table  4.4.  These  projections  emphasize  the  disparity  of  the  individual  pro¬ 
gram  estimates. 

In  line  with  the  desire  to  emphasize  specific  applications  and  market 
sectors,  ERDA  released  An  Analysis  of  Solar  Water  and  Space  Heating  in 
late  1976  (Bennington  et  al.,  1976).  Although  this  study  included  no 
market  penetration  estimates,  it  used  the  f-chart  computer  program  de¬ 
veloped  by  the  University  of  Wisconsin  (Klein,  Beckman,  and  Duffie, 
1975)  to  estimate  the  economic  viability  of  solar  space  and  water  heating 
in  thirteen  selected  cities  using  actual  fuel  costs  in  those  cities.  The  asser¬ 
tion  that  “solar  water  heating  and  space  heating  installed  at  an  equivalent 
system  cost  of  $20  per  square  foot  of  collector  is  competitive  today 
against  electric  resistance  systems  throughout  most  of  the  U.S.  (Ben¬ 
nington  et  al.,  1976)”  was  the  subject  of  considerable  public  discussion. 
More  important,  the  assertion  illustrated  that  solar  technologies  are 
likely  to  have  widely  different  acceptance  based  on  location,  fuel  avail¬ 
ability  and  price,  and  installed  price.  Furthermore,  this  level  of  analysis 
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Table  4.5 

Solar  projections  from  the  Solar  Working  Group 


Projection 

1985 

.  2000 

2020 

Total  U.S.  energy  demand,  quads/yr 

93 

153 

183 

Conversion  technology 

Heating  and  cooling  of  buildings 

1 

3 

10 

Agricultural  and  industrial 
process  heat 

nil 

nil 

nil 

Solar  thermal  electric 

nil 

nil 

nil 

Photovoltaics 

a 

Wind 

a 

Fuels  from  biomass 

i 

1 

i 

Total  solar  contribution 

2 

6 

ii 

Estimated  %  of  demand 

2 

4 

6 

Source:  SRI  (1977). 
a.  No  estimates. 


became  one  of  the  building  blocks  for  the  detailed  market  potential 
studies  that  would  follow. 

As  a  means  of  assessing  the  impacts  of  the  ERDA  program,  a  Solar 
Working  Group  was  established  with  participation  by  government,  in¬ 
dustry,  and  academic  leaders.  Stanford  Research  Institute  (SRI)  was 
awarded  a  contract  to  provide  technical  assistance  to  the  group.  A 
market  assessment  model  (SRI,  1977)  was  developed  and  used  to  provide 
estimates  for  solar  energy  contribution  in  5-year  increments  through 
2020.  Table  4.5  gives  some  of  the  results  from  the  base-case  scenario.  This 
study  provided  two  valuable  insights  into  the  potential  for  solar  energy. 
First,  the  use  of  the  SRI  National  Model  provided  a  creditable  and  easily 
used  method  to  relate  changes  in  fuel  price  with  the  size  and  competitive¬ 
ness  of  a  large  number  of  disaggregated  market  sectors.  In  fact,  the  low 
demand  case  ol  75  quads  in  1975  was  one  of  the  early  discussions  of  what 
solar’s  role  would  be  in  a  future  with  high-priced  fuel  and  low-energy  de¬ 
mand.  Second,  the  market  penetration  methodology  sparked  discussions 
among  the  builders  and  users  of  solar  market  penetration  models 
(Schiffel  et  al.,  1978). 

4.2.2  National  Energy  Plan,  1977 

On  April  29,  1977,  President  Carter  presented  the  National  Energy  Plan 
(NEP)  that  had  been  under  development  for  some  months  (Executive 
Office  of  the  President,  1977).  The  plan  stressed  conservation  and  fuel 
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Table  4.6 

Solar  projections  from  the  1978  MITRE  study 


Projection 

1985 

2000 

2020 

Total  U.S.  energy  demand,  quads/yr 

86 

115 

189 

Conversion  technology 

Heating  and  cooling  of  buildings 

0.15 

1.6 

3-5 

Agricultural  and  industrial 

0.02 

2.0 

13 

process  heat 

Solar  thermal  electric 

a 

0.3 

2.9 

Photovoltaics 

a 

a 

0.2 

Wind 

a 

1.7 

6.6 

Ocean  thermal 

a 

a 

2.4 

Fuels  from  biomass 

0.03 

0.4 

4.4 

Total  solar  contribution 

0.2 

6.0 

34.0 

Estimated  %  of  demand 

0.2 

5 

18 

Source:  Bennington  et  al.  (1978). 
a.  An  estimate  of  less  than  0.01  quad. 


efficiency,  rational  energy  pricing  and  production,  stability  in  govern¬ 
ment  policies,  use  of  abundant  energy  sources  (coal),  and  development  of 
nonconventional  technologies  for  the  future. 

The  plan  addressed  solar  energy  in  two  ways:  a  federal  income  tax 
credit  was  proposed  for  the  use  of  most  solar  technologies,  and  a  goal 
was  established  to  use  solar  in  more  than  2.5  million  homes  by  1985.  The 
proposed  changes  in  energy  pricing,  tax  credits,  and  fuel-use  regulations 
created  such  potentially  wide-ranging  changes  in  the  energy  sector  as  to 
invalidate  most  of  the  scenarios  previously  prepared.  Thus  the  turmoil  in 
the  energy  sector  that  began  with  the  oil  embargo  continued.  This  turmoil 
made  it  difficult  to  obtain  a  consensus  on  energy  demand  and  price  by 
sector,  investment  criteria  in  new  technology,  and  buying  preferences  of 
the  energy  user.  These  are  a  few  of  the  essentials  needed  for  a  believable 
estimate  of  the  likely  acceptance  of  a  capital-intensive  technology  like 
solar  energy. 

The  MITRE  estimates  (Bennington  et  al.,  1978)  provided  two  scenar¬ 
ios:  the  National  Energy  Plan  and  continuing  the  trends  since  1973.  The 
study  used  the  spurr  model  extensively  and  developed  a  technology  data¬ 
base  in  coordination  with  the  ERDA  programs.  Table  4.6  presents  the 
NEP  scenario  projections.  The  second  scenario  is  not  presented  here,  but 
was  used  to  create  a  basis  for  calculating  the  incremental  benefits  derived 
from  the  NEP  initiatives. 
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Table  4.7 

Solar  goals  from  1978  Council  on  Environmental  Quality  study 


Goal 

1977 

„  2000 

2020 

Total  U.S.  energy  demand,  quads/yr 

76 

80-120 

70-140 

Conversion  technology 

Heating  and  cooling  of  buildings 

Small 

2-4 

5-10 

Agricultural  and  industrial 

None 

2-5 

5-15 

process  heat 

Solar  thermal  electric 

None 

0-2 

5-10 

Photovoltaics 

Small 

2-8 

10-30 

Wind 

Small 

4-8 

8-12 

Ocean  thermal 

None 

1-3 

5-10 

Fuels  from  biomass 

1.3 

3-5 

5-10 

Hydropower3 

3 

4-6 

4-6 

Total  solar  contribution11 

4 

20-30 

35-70 

Estimated  %  of  demand 

5 

25 

50 

Source:  CEQ  (1978). 

a.  Hydropower  had  not  previously  been  generally  considered  to  be  a  solar  technology. 

b.  The  total  contribution  is  calculated  from  the  goals  as  a  percent  of  total  demand.  The 
individual  contributions  do  not  add  because  the  technologies  were  estimated  separateh  and 
will  compete  with  each  other. 


The  Council  on  Environmental  Quality  report  Solar  Energy ,  Progress 
and  Promise  (1978)  was  optimistic  about  the  rate  and  dimension  of  solar 
energy’s  contribution  to  the  U.S.  energy  problem.  Its  estimates  were  stated 
as  being  attainable  goals:  “Our  conclusion  is  that  with  a  strong  national 
commitment  to  accelerated  solar  development  and  use.  it  should  be  pos¬ 
sible  to  derive  a  quarter  of  the  U.S.  energy  from  solar  by  the  year  2000, 
with  major  growth  occurring  after  1985." 

The  report  reviewed  the  progress  of  solar  development  to  date  and  pro¬ 
posed  a  federal  program  that  would  presumably  support  the  goals  estab¬ 
lished  earlier  in  the  report.  Although  the  report  references  other  studies, 
no  attempt  was  made  to  integrate  the  individual  estimates  or  to  estimate 
specific  paths  leading  to  the  goals  cited.  Table  4.7  presents  their  estimates 
of  the  maximum  solar  contribution  under  accelerated  development. 

4,2.3  Domestic  Policy  Review  of  Solar  Energy  and  the  20%  Solar  Goal 

On  June  25,  1978,  President  Carter  called  for  a  Domestic  Policy  Review 
(DPR)  of  solar  energy  as  part  of  a  message  to  Congress  on  solar  energy. 
The  DPR  acted  as  a  melting  pot  for  many  of  the  issues  and  studies  under¬ 
way  at  the  time.  The  DPR  Impacts  Panel  published  a  report  (DOE,  1978) 
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Table  4.8 


Solar  projections  from  the  domestic  policy 

review  of  solar 

energy 

Projection 

1977 

2000 

2020 

Total  U.S.  energy  demand,  quads/yr 

76 

95-114 

Technical 

limit 

Conversion  technology 

Heating  and  cooling  of  buildings 

Small 

0. 9-2.0 

3.8 

Passive  heating8 

Small 

0. 2-1.0 

1.7 

Industrial  and  agricultural11 

d 

1. 0-2.6 

3.5 

Solar  thermal  electric 

d 

0.1 -0.4 

1.5 

Photovoltaics 

d 

0.1— 1.0 

2.5 

Wind 

d 

0.6-1. 7 

3.0 

Ocean  thermal 

d 

0.0-0. 1 

1.0 

Biomass 

1.8 

3. 1-5.4 

7.0 

Hydro0 

2.4 

3. 9-4.3 

4.5 

Total  solar  contribution 

4.2 

9.9-18.5 

28.5 

Estimated  %  of  demand 

5 

9-20 

25-30 

Source:  DOE  (1978). 

a.  Passive  heating  would  typically  be  in  heating  and  cooling  of  buildings  but  had  significant 
estimates  of  potential. 

b.  Industrial  and  agriculture  processes  include  process  heat  and  on-site  electricity. 

c.  Hydro  includes  conventional  high-head  systems  as  well  as  smaller  low-head  systems. 

d.  Indicates  an  estimate  of  less  than  0.01  quad. 


that  contained  three  scenarios:  a  base  case  with  oil  at  $25/bbl,  a  max¬ 
imum  practical  case  with  oil  at  $32/bbl,  and  a  technical  limit  case.  Table 
4.8  gives  the  results  for  the  year  2000.  The  first  two  scenarios  were  used  to 
develop  the  range  shown  in  the  third  column,  whereas  the  third  scenario 
is  provided  in  the  fourth  column. 

The  second  National  Energy  Plan  (NEP-II),  released  in  May  1979, 
contained  an  extensive  analysis  of  energy  futures  and  their  relationship  to 
the  economy  and  environment  (DOE,  1979).  The  study  used  the  descen¬ 
dant  of  the  pies  model  renamed  the  Mid-Term  Energy  Forecasting 
System  (mefs),  introduced  a  new  model  (fossil2),  and  used  several  other 
models  previously  available.  The  study  also  emphasized  the  basic  differ¬ 
ence  between  end-use  energy  and  the  equivalent  of  primary  energy  that 
was  needed  to  produce  the  same  end-use  energy.  Although  projections 
were  run  for  intervening  years,  only  the  year  2000  estimates  were  presented 
in  detail;  they  are  shown  in  table  4.9.  Note  that  the  primary  energy  varied 
greatly  depending  on  the  technology  and  fuel  displaced. 

On  December  25,  1979,  NAS  released  their  long-awaited  Energy  in 
Transition  1985-2010  as  the  final  report  of  the  Committee  on  Nuclear 
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Table  4.9 


Solar  projections  from  the  National  Energy  Plan  II 

Year  2000 

Projection 

End-use  energy 

Primary  energy 

Total  for  U.S.,  quads/yr 

Decentralized 

85 

119 

Biomass 

2.78 

2.92 

Solar  heating  and  cooling 

0.49 

0.70 

Passive  heating  and  cooling 

0.44 

0.63 

Agriculture  and  industrial 

1.00 

1.43 

Wind 

0.10 

0.30 

Photovoltaics 

0.03 

0.08 

Total  decentralized 

Centralized 

4.84 

6.06 

Hydro/geo  thermal3 

1.40 

4.30 

Photovoltaics 

0 

0 

Wind 

0.03 

0.10 

OTEC 

0 

0 

Solar  thermal 

0.03 

0.10 

Biomass 

0.10 

0.30 

Total  centralized 

1.56 

4.80 

Total  renewables 

6.40 

10.86 

Estimated  %  of  U.S.  total 

8 

\ 

9 

Source:  DOE  (1979). 

a.  Geothermal  had  not  been  included 
regrouped  under  the  renewable  energy. 

in  previous  solar  energy 

estimates.  It  had  been 

and  Alternative  Energy  Systems  (CON AES.  1979).  This  study  was  com¬ 
missioned  in  April  1975  as  a  “comprehensive  and  objective  study  of  the 
role  of  nuclear  power  in  the  context  of  alternative  energy  systems."  Un¬ 
derstandably,  the  report  concentrated  on  national  supplv-demand  issues 
and  the  major  alternatives— coal,  synthetics,  and  oil  shale.  The  findings 
stressed  conservation  to  reduce  demand,  the  immediate  problem  of  liquid 
fuel  supplies,  and  the  need  to  balance  the  support  for  coal  and  nuclear 
options.  Solar  energy  was  the  subject  of  considerable  analysis  but  was  not 
strongly  emphasized;  Because  of  their  higher  economic  costs,  solar  en¬ 
ergy  technologies  other  than  hydroelectric  power  will  probably  not  con¬ 
tribute  much  more  than  5  percent  to  energy  supply  in  this  century  unless 
there  is  a  massive  government  intervention  in  the  market  to  penalize  the 
use  ol  nonrenewable  fuels  and  subsidize  the  use  of  renewal  energy  sources” 
(CONAES,  1979). 
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Table  4.10 

Solar  projections  from  the  1979  National  Academy  of  Sciences  study 


Projection 

1975 

1990 

2000 

2010 

Total  U.S.  energy  supply,  quads/yr 

60.5 

82.5 

113.2 

142.5 

Energy  form 

Crude  oil 

19.6 

20.0 

18.0 

16.0 

Natural  gas 

19.4 

15.8 

15.0 

14.0 

Oil  shale 

0 

0.7 

1.0 

1.5 

Coal 

-  16.4 

26.6 

37.2 

49.5 

Geothermal 

0 

0.6 

1.6 

4.1 

Solar 

0 

1.7 

5.9 

10.7 

Nuclear 

2.7 

13.0 

29.5 

41.7 

Hydroelectric 

2.4 

4.1 

5.0 

5.0 

Solar  as  %  of  supply 

— 

2 

5 

8 

Source:  CONAES  (1979). 


Draft  reports  were  widely  circulated  and  discussed  for  some  time  be¬ 
fore  their  official  release.  Table  4.10  shows  the  supply  estimates  for  the 
enhanced-supply  assumptions  intending  to  represent  policies  and  regula¬ 
tory  practices  to  encourage  energy  production.  Note  that  the  format  for 
comparing  national  energy  use  is  used  without  particular  emphasis  on 
specific  technologies. 

In  January  1980  the  MITRE  Corporation  released  a  report  on  acceler¬ 
ated  commercialization  of  solar  energy  (Bennington  et  al.,  1980).  The 
report  examined  national  goals  for  solar  energy  by  providing  detailed 
technology  goals  by  region,  assessing  physical,  institutional,  and  other 
requirements  related  to  achieving  each  goal,  and  providing  “growth 
trajectories”  as  checkpoints  for  measuring  progress.  Table  4.11  gives  the 
solar  projections  from  this  report. 

The  study  used  a  reference  case  and  three  accelerated  levels  cor¬ 
responding  to  19,  22,  and  26  quads  by  the  year  2000.  In  contrast  to  the 
earlier  MITRE  study  in  1978,  the  primary  emphasis  of  the  1980  study  was 
on  analyzing  the  impacts  of  varying  levels  of  solar  use.  In  particular,  the 
study  investigated  the  physical  growth  rates,  investment  requirements, 
and  implied  government  subsidies.  Table  4.12  shows  the  energy  savings 
by  market  and  technology  for  the  reference  case.  The  reference  case  is 
shown  because  the  energy  displacement  is  in  the  same  range  as  the  1978 
estimates  during  this  period.  However,  the  total  energy  demand  was 
assumed  to  be  higher. 
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Table  4.11 

Solar  projections  from  the  1980  MITRE  study 


Projection 

1978 

*  1990 

2000 

Total  U.S.  demand,  quads/yr 

77 

98 

115 

Residential 

Thermal 

a 

0.31 

1.06 

Passive 

a 

0.04 

0.02 

Wind 

a 

0.05 

0.31 

Photovoltaics 

a 

0.02 

0.18 

Wood  stoves 

0.30 

0.47 

0.60 

Commercial 

Thermal 

a 

0.27 

0.66 

Passive 

a 

0.01 

0.02 

Wind 

a 

a 

0.02 

Photovoltaics 

a 

a 

0.03 

Industrial 

Solar  thermal 

a 

0.50 

2.18 

Biomass 

1.6 

2.00 

2.20 

Wind 

a 

a 

0.05 

Photovoltaics 

a 

a 

0.03 

Thermal  electric 

a 

a 

0.02 

Total  energy 

a 

a 

0.01 

Small-scale  hydro 

a 

\ 

a 

0.15 

Electric  utility 

Wind 

a 

0.15 

1.32 

Solar  thermal 

a 

0.05 

0.96 

Photovoltaics 

a 

a 

0.01 

Ocean  thermal 

a 

a 

0.10 

Biomass  electric 

a 

0.01 

0.03 

Hydro 

3.0 

3.40 

3.80 

Fuels  and  chemicals 

Wood 

a 

a 

0.45 

Animal  waste 

a 

a 

0.20 

Total  solar  contribution 

4.90 

7.28 

14.59 

Estimated  %  of  demand 

6 

7 

13 

Source:  Bennington  et  al.  (1980). 
a.  Denotes  a  value  less  than  0.0 1  quad. 
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Table  4.12 

Solar  projections  from  the  Harvard  Business  School  Energy  Project3 


Projection 

2000 

Total  U.S.  energy  demand,  quads/yr 

105 

Energy  source 

Active  and  passive  heating 

4.2 

Other  on-site  technologies 

4.2 

Wood  and  waste 

8.4 

Hydropower  (large  scale) 

4.2 

Total  solar  contribution 

21 

Estimate  as  %  of  demand 

20 

Source:  Stobaugh  and  Yergin  (1980). 

a.  Original  estimates  converted  to  quads  from  millions  of  barrels  of  oil  per  day  equivalent. 


Stobaugh  and  Yergin’s  book  Energy  Future:  The  Report  of  the  Harvard 
Business  School  Energy  Project  (1980)  provides  an  excellent  counterpoint 
to  the  excessive  detail  of  the  preceding  studies.  After  an  insightful  review 
of  much  of  the  work  and  debate  that  took  place,  Stobaugh  and  Yergin 
reemphasize  what  most  of  the  advocates  had  forgotten: 

The  truth  is  that  no  one  really  knows  what  the  contribution  from  solar  energy 
will  be  in  the  year  2000.  Solar’s  contribution  depends  on  at  least  six  other  com¬ 
plex  and  uncertain  variables,  each  difficult  to  forecast. 

1 .  Prices  of  competing  energy  sources 

2.  Overall  levels  of  domestic  energy  consumption 

3.  Level  of  federal  involvement  in  solar  energy 

4.  Rate  of  advancement  of  solar  technologies 

5.  Rate  at  which  institutional  barriers  to  solar  will  be  overcome 

6.  Reliability  of  energy  supply 

Nonetheless,  Stobaugh  and  Yergin  could  not  resist  presenting  an  es¬ 
timate  of  how  an  aggressive  program  might  obtain  a  20%  solar  contribu¬ 
tion  by  the  year  2000  (table  4.12). 

4.2.4  1981  and  Later 

The  Solar  Energy  Research  Institute  (SERI)  Report  on  Building  a  Sustain¬ 
able  Future  (1981)  comprehensively  assessed  a  strategy  for  combining  en¬ 
ergy  conservation  and  solar  energy  as  a  major  energy  contributor.  To  the 
surprise  of  many  who  considered  SERI  a  solar  advocate,  the  primary  em- 
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Table  4.13 

Solar  projections  from  the  1981  SERI  study 


Projection 

% 

2000 

Total  U.S.  energy  demand,  quads/yr 

62-66 

Residential 

Thermal 

1 .6-1. 9 

Biomass 

1.0 

Wind 

0.8-1. 1 

Photovoltaics 

0.3-0.45 

Commercial 

Thermal 

0. 3-0.4 

Photovoltaics 

0.1-0.25 

Industrial 

Thermal 

0.5-2.0 

Biomass 

3. 5-5.5 

Agriculture 

Biomass 

0.1 -0.7 

Transporation 

Biomass 

0.4-5. 5 

Utilities 

Wind 

Hydro 

3.4-3. 7 

Total  solar  contribution 

\ 

12.3-22.5 

Estimated  %  of  demand 

20-34 

Source:  SERI  (1981). 


phasis  of  the  assessment  was  the  potential  of  energy  conservation  as  the 
keystone  to  creating  an  energy  program  that  has  long-term  stability. 

On  a  closer  look  the  study  and  its  projections  emphasize  the  major  im¬ 
pacts  that  might  arise  from  the  efficient  use  of  energy  and  the  matching  of 
type  and  form  of  energy  to  the  end-use.  Each  Btu  of  energy  saved  from 
better  insulation  of  an  electrically  heated  home  or  the  redesign  of  a  refrig¬ 
erator  saves  roughly  3  Btu  of  fossil  fuel  that  would  be  needed  to  generate 
the  electricity.  The  basic  idea  driving  this  analysis  is  that  the  real  leverage 
is  to  reduce  the  energy  demand  while  maintaining  lifestyles  by  efficient 
use  of  the  energy.  Solar  energy's  role  was  for  additional  heating  and  gene¬ 
rating  capacity  for  this  reduced  demand.  The  solar  technologies  included 
in  the  study  were  solar  thermal,  biomass,  wind,  photovoltaics,  and  hydro¬ 
electric.  Only  those  technologies  projected  to  have  a  measurable  impact 
are  shown  in  table  4.13. 
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A  major  assertion,  based  on  the  demand  reductions  projected,  is  that 
the  electric  generation  capacity  already  installed  or  under  construction 
will  satisfy  the  country’s  needs  in  2000.  From  this  and  other  considera¬ 
tions,  no  contributions  are  anticipated  from  the  large-scale  solar  electric 
technologies,  that  is,  solar  thermal  electric,  wind,  ocean  thermal  energy 
conversion,  and  photovoltaics. 

4.3  Solar  Market  Assessment  Models 

In  section  4.2  I  reviewed  the  sequence  of  estimates;  now  I  shall  discuss  the 
methods  used  to  produce  these  estimates.  As  seen  from  the  preceding  sec¬ 
tions,  market  potential  assessments  were  a  game  that  it  seemed  anyone 
could  play.  Although  the  aggregate  energy  projections  quickly  polarized 
the  various  constituencies  in  the  ongoing  policy  debates,  the  actual  work 
in  these  studies  consisted  of  the  unglamorous  task  of  estimating  the  ef¬ 
fects  of  budgets  on  R&D  programs  and  then  on  the  schedule  and  cost/ 
performance  of  advanced  technologies.  Try  as  they  might,  the  engineers 
could  not  turn  this  into  a  “science.”  Although  the  models  could  not  pre¬ 
dict  the  future,  they  could  do  the  next  best  thing  to  assist  in  the  planning 
of  a  national  program  for  renewable  resources.  Based  on  rational  inter¬ 
pretations  of  the  R&D  trade-offs,  these  models  could 

1.  Rank  the  cost/performance  of  existing  and  proposed  technologies  in 
representative  applications 

2.  Tabulate  the  resources  used  and  energy  effects  of  different  rates  of 
technology  substitution 

3.  Measure  interactions  among  the  numerous  factors  in  the  develop¬ 
ment,  financing,  and  use  of  energy  technologies 

4.  Update  projections  as  conditions  changed 

5.  Produce  reproducible,  internally  consistent,  and  plausible  energy 
scenarios  that  could  be  used  to  assess  policy  and  program  alternatives 

Although  the  primary  emphasis  of  these  models  was  to  assess  solar 
thermal  energy  technologies,  the  entire  gambit  of  models — from  national 
supply  and  demand  models  to  individual  technology  models — had  to  be 
considered.  The  national  models  set  the  context  for  alternative  prices  and 
market  segment  demands,  whereas  the  individual  models  established  the 
basic  cost/performance  information. 
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4.3.1  National  Supply  and  Demand  Models 

The  Project  Independence  Evaluation  System  (pies)  was  developed  as  an 
integrating  model  to  support  the  initial  Project  Independence  Blueprint 
Report  initiated  by  President  Nixon  immediately  following  the  1973  oil 
embargo.  The  pies  model  is  static,  representing  equilibrium  conditions  at 
the  end  of  a  particular  planning  horizon,  for  example,  5,  10,  and  15  years. 
The  system  consists  of  a  set  of  models:  a  demand  model,  specialized 
suppiy  models,  and  an  integrating  model.  The  integrating  model  is  the 
most  relevant  for  analyzing  solar  potential. 

The  integrating  model  uses  a  set  of  linear  equations  to  represent  the 
supply,  demand,  and  other  restrictions  while  minimizing  (by  means  of 
linear  programming)  the  national  cost  of  balancing  supply  and  demand. 
This  is  accomplished  by  determining  market  clearing  prices.  The  clearing 
prices  describe  a  static  market  equilibrium  for  which  the  clearing  prices 
will  balance  supply  and  demand.  Under  these  circumstances  the  suppliers, 
who  attempt  to  maximize  profit,  will  be  willing  to  supply  exactly  the  same 
quantities  as  those  demanded  by  the  consumers,  who  are  attempting  to 
minimize  their  costs.  The  framework  for  the  integrating  model  is  depicted 
in  figure  4.1.  N 

The  pies  model  uses  a  variety  of  regions  to  match  the  established 
sources  of  data  for  each  producing  sector.  The  model  used  the  nine  census 
regions  for  estimating  demand  and  electric  utility  supply  but  had  twelve 
coal,  seven  refinery,  three  shale,  thirteen  oil,  and  fourteen  gas  regions. 

The  integrating  model  generates  a  complete  energy  scenario  using  an 
iterative  process.  Given  a  scenario,  which  included  a  Data  Resources  In¬ 
corporated  (DRI)  economic  forecast,  the  model  estimates  a  set  of  de¬ 
mand  prices.  Using  these  prices,  a  set  of  demands  are  then  determined  for 
each  use  and  region,  tor  example,  transportation  gasoline  for  the  Mid- 
Atlantic  census  region  consisting  of  New  York,  New  Jersey,  and  Penn¬ 
sylvania.  Next  the  linear  programming  solution  of  the  supply  model, 
which  provides  consumers  with  the  prespecified  quantities  of  the  end 
fuels  at  minimum  cost,  is  obtained.  The  supply  model  generates  a  set  of 
marginal  production  costs  for  each  energy  demand  as  a  by-product. 
These  supply  side  costs  are  compared  with  the  starting  demand  prices.  If 
the  supply  and  demand  prices  are  the  same,  the  solution  is  in  equilibrium 
and  the  process  is  complete.  If  the  supply  and  demand  prices  are  dif¬ 
ferent,  a  new  set  of  prices  is  selected,  and  the  process  is  repeated.  In  prac¬ 
tice,  only  a  couple  of  iterations  are  required  to  find  a  reasonable  solution. 
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Figure  4.1 

Integrating  model  framework  (FEA,  1974,  appendix  A). 


pies  attempted  to  approximate  the  supply-demand  trade-offs  for  the 
nation’s  entire  production,  transportation,  and  use  of  energy.  Given  the 
impact  and  importance  of  the  previous  embargo  and  the  subsequent  in¬ 
crease  in  the  price  of  imported  oil,  a  tremendous  amount  of  detail  relating 
to  the  near-term  impacts  of  oil  pricing  was  included.  A  key  parameter  in 
the  individual  scenarios  was  the  price  of  imported  oil.  “From  this  per¬ 
spective,  the  entire  system  can  be  viewed  as  a  procedure  for  calculating 
adjustments  in  all  sectors  and  the  resulting  demand  for  imports”  (FEA, 
1974,  appendix  A). 

The  supply  model  attempted  to  analyze  the  near-term  impact  of  export 
pricing,  natural  gas  deregulation,  and  similar  issues  that  have  billion 
dollar  impacts  on  existing  industries  and  consumers;  hence  it  is  not  sur¬ 
prising  that  it  was  not  ideal  for  analyzing  solar  technologies  that  were  still 
under  development,  would  not  make  a  significant  impact  in  the  near 
term,  and  did  not  resemble  existing  technologies.  The  supply  model  illus¬ 
trates  one  of  the  simplest  examples  of  the  basic  differences  between  eval¬ 
uating  resource-based  fuels  and  solar  technologies.  “The  model  assumes 
a  competitive  economic  structure  with  upward  sloping  supply  curves  and 
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downward  sloping  demand  curves”  (FEA,  1974).  An  upward  sloping 
supply  curve  means  the  more  that  is  produced,  the  more  expensive  it  gets, 
which  is  true  for  natural  resources  such  as  oil.  Although  it  is  certainly 
true  that  the  burgeoning  solar  industry  would  produce  less  in  the  short 
run  according  to  an  upward  sloping  demand  curve,  one  of  the  oft- 
repeated  promises  of  solar  technology  proponents  is  that,  if  the  solar  in¬ 
dustry  can  get  into  mass  production,  then  the  consumer’s  cost  will  go 
down.  In  fact,  the  underlying  cost  goals  for  several  of  the  solar  programs 
were  based  on  long-term  supply  curves  that  were  downward  sloping  and 
included  cost  reductions  of  a  factor  of  100  or  more. 

Despite  the  inherent  difficulties  of  including  fledgling  solar  technol¬ 
ogies  in  the  static  model,  which  concentrated  on  mature  energy  tech¬ 
nologies,  an  active  attempt  was  made  to  include  the  impacts  of  the  solar 
program  in  the  Project  Independence  analysis.  Although  solar  was  not 
included  in  the  original  pies  modeling,  a  special  task  force  was  set  up  to 
assess  the  potential  impacts  of  solar  energy:  Project  Independence  Blue¬ 
print,  Interagency  Task  Force  Report — Solar  Energy ,  Final  Report  (FEA, 
1974).  The  task  force  did  not  use  any  formal  projection  models  but  did 
use  extensive  technical  data  and  opinion  by  over  a  hundred  experts  who 
actively  participated  in  preparing  the  report! 

Subsequent  studies  using  pies  included  solar  impacts  in  the  formal  ana¬ 
lysis  structure.  The  supply  model  had  explicit  activities  to  represent 
additional  capacity  for  electric  generation.  Supply  curves  were  senerated 
for  solar  to  compete  with  fossil,  nuclear,  and  geothermal  energy.  This  was 
accomplished  by  making  proposed  solar  electric  systems  resemble  an 
equivalent  conventional  power  plant. 

In  practice,  generation  load  varies  by  time  of  day,  by  day  of  week,  and  by  season. 
Thus,  utilities  typically  construct  a  mixture  of  plant  types  with  different  eco¬ 
nomic  and  operating  characteristics  to  meet  the  varying  load  requirements.  To 
capture  this  variation,  the  model  separates  electricity  into  peak,  intermediate, 
and  base  load  categories  and  requires  each  kWh  of  electricity  to  be  produced  in 
prespecified  proportions  from  each  category  of  generation _ Each  unit  of  gen¬ 

eration  capacity  may  be  operated  in  convex  combinations  of  the  three  generation 
modes.  Electricity  generation  facility  types  include  coal,  oil,  and  gas-fired  steam 
turbines,  simple  and  combined  cycle  gas  turbines,  hydro  and  nuclear  plants,  plus 
a  variety  of  exotic  technologies  including  solar,  geothermal,  and  fuel  gas  plants 
(FEA,  1974)  "  F 

The  cost  functions  were  represented  as  increasing  piecewise  linear  ap¬ 
proximations  to  supply  curves  for  that  period.  The  supply  costs  for  new 
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activities  included  the  variable  cost  of  operations  and  maintenance  as 
well  as  the  amortized  capital  costs.  In  a  period  of  high  inflation  and  in¬ 
terest  rates,  this  placed  a  heavy  emphasis  on  technologies  that  had  well- 
understood  capital  requirements  and  stable  fuel  costs,  for  example,  coal. 
It  was  not  surprising  that  none  of  the  solar  technologies  were  able  to 
compete  in  the  pre-1990  estimates  with  the  alternative  electric  options  in 
the  pies  model. 

The  decentralized  solar  technologies,  such  as  solar  heating  and  cool¬ 
ing,  needed  to  be  included  in  the  demand  model.  Because  the  pies  model 
consists  of  econometrically  based  sector  models,  it  only  projects  final  de¬ 
mands  based  on  the  current  price  of  supplies.  Individual  conservation  and 
technologies  are  not  explicitly  represented  in  this  type  of  model.  To  de¬ 
velop  the  likely  rates  of  substitution  that  might  occur  from  increased  en¬ 
ergy  prices  promoting  the  use  of  solar  and  conservation,  several  sector 
models  were  used.  Initially  the  proprietary  model  of  Arthur  D.  Little, 
Inc.,  was  used,  and  later  the  Oak  Ridge  model  developed  for  the  conser¬ 
vation  program  was  used  for  side  studies. 

Brookhaven  National  Laboratory  Model.  The  team  at  Brookhaven  Na¬ 
tional  Laboratory  (BNL)  developed  national  energy  and  economic 
scenarios  using  a  set  of  economic  and  technology  models.  The  major 
components  of  their  modeling  approach  are  shown  in  figure  4.2. 

The  Brookhaven  Time-Stepped  Energy  System  Optimization  Model 
(tesom)  is  a  detailed  technology  model  that  balances  energy  supply,  con¬ 
version,  and  end-use  demand.  It  is  formulated  as  a  mathematical  program¬ 
ming  model  that  minimizes  the  cost  of  meeting  a  given  set  of  demands 
using  a  range  of  feasible  supply  and  conversion  options.  The  model  deals 
with  aggregate  technologies  (for  example,  air  conditioning  and  process 
heat)  and  has  no  regional  breakout  reflecting  climate  or  transportation 
factors,  tesom,  however,  is  stepped  through  time  to  approximate  the 
movement  of  prices,  technology  development,  and  changing  demand. 
tesom  enhances  the  original  static  besom  model  used  in  BNL’s  initial 
scenarios. 

The  Dale  Jorgenson  Associates  (DJA)  Long-Term  Interindustry 
Transactions  Model  (litm)  is  a  national  econometric  model  that  pro¬ 
duces  a  detailed  representation  of  sectoral  production  and  final  demand. 
An  input-output  model  jointly  developed  by  BNL  and  the  University  of 
Illinois  is  used  to  map  the  litm  sectoral  outputs  and  consumption  levels 
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Figure  4.2 

Brookhaven  National  Laboratory  model  (Groncki,  Goettle,  and  Hudson.  1980). 

\ 

into  a  set  of  demands  and  energy  services  consistent  with  the  BNL  tesom 
model. 

Solar  technologies  are  included  as  conversion  technologies  in  the  elec¬ 
tric  utility  and  fuels  paths,  and  as  end-conversion  devices  such  as  solar 
heating  and  cooling,  which  would  be  compared  to  heat  pumps.  The  level 
of  aggregation  and  lack  ot  regional  solar  performance  make  this  model 
hard  to  use  for  more  than  the  mirror  results  that  were  estimated  with 
more  detailed  modeling  techniques.  The  BNL  system  is  important  be¬ 
cause  it  has  provided  basic  price-demand  scenarios  to  many  of  the  major 
federal  policy  studies.  To  the  extent  that  the  detailed  and  macro  scenarios 

are  widely  diflerent,  it  makes  the  integration  and  eventual  creditability  of 
the  study  difficult. 

fossil2  Model.  The  FOSSIL2  model  grew  out  of  work  done  at  Dartmouth 
College  under  the  leadership  of  R.  Naill,  who  later  moved  to  DOE.  fossil: 
diflers  radically  from  the  preceding  modeling  systems.  It  uses  a  dynamic 
systems  modeling  process  originated  by  J.  Forrester  at  MIT  in  the  early 
1960s.  The  process  combines  feedback  control  theory,  organizational 
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behavior,  and  computer  simulation  to  analyze  social  systems.  The  basic 
modeling  process  creates  a  nonlinear  flow  model  reflecting  the  flow  of 
energy  resources,  capital,  and  other  variables  in  the  U.S.  energy  system. 
Furthermore,  FOSSIL2  is  a  dynamic  disequilibrium  model  that  is  not  based 
on  an  optimal  set  of  prices  or  on  a  perfect  balancing  of  supply  and  de¬ 
mand  at  every  point  in  time.  Rather,  the  model  has  a  set  of  decision 
rules  provided  by  the  modeler  governing  the  flow  of  investment,  goods,  re¬ 
sources,  and  other  model  flows.  It  is  intended  to  be  used  as  a  policy  tool 
for  analyzing  potential  energy  problems  and  variants  used  to  mitigate 
these  problems. 

Although  FOSSIL2  is  another  aggregated  model,  it  does  possess  many  of 
the  features  that  are  important  in  assessing  the  eventual  path  of  solar  de¬ 
velopment.  Time  paths  are  dynamically  developed  in  a  consistent  man¬ 
ner,  time  lags  are  explicitly  included,  and  nonlinear  relationships  can  be 
used  to  model  market  behavior  for  new  technologies. 

Applying  fossil2  to  analyze  NEP-II  generated  results  consistent  with 
the  upgraded  pies  system,  mefs.  NEP-II  (DOE,  1979)  compares  these  two 
models.  It  provides  a  good  example  of  an  attempt  to  use  widely  disparate 
tools  to  assess  the  energy  problem  in  a  rational  and  consistent  manner; 
however,  it  does  not  document  the  modeling  methods  for  the  central  and 
decentralized  solar  technologies. 

4.3.2  National  Solar  Market  Penetration  Models 

Only  two  national  solar  models  are  discussed  in  this  section:  the  spurr 
model  developed  at  the  MITRE  Corporation  and  the  solar  working 
group  model  developed  by  SRI.  These  two  were  sufficiently  well  developed 
and  documented  to  provide  discussions  of  the  methods  used  to  develop 
models  for  the  planning  of  federal  programs  in  renewable  resources. 

System  for  Projecting  the  Utilization  of  Renewable  Resources.  The 

MITRE  model,  A  System  for  Projecting  the  Utilization  of  Renewable 
Resources  (spurr),  resulted  from  the  MITRE  Corporation’s  assistance 
to  the  Solar  Energy  Task  Force  for  Project  Independence  Blueprint. 
Although  the  task  force  had  a  wealth  of  valuable  technical  data,  no  meth¬ 
odology  existed  for  integrating  and  coordinating  the  emphasis  on  indi¬ 
vidual  projects,  matching  projects  to  commercial  applications,  and  de¬ 
veloping  energy  projections,  spurr  was  intended  to  fill  the  gap  between 
the  aggregate  national  energy  models  and  the  uncoordinated  analyses  of 
individual  applications  of  solar  technologies.  Its  structure  and  level  of  de- 


152 


G.  E.  Bennington 


Figure  4.3 

spurr  methodology  (Bennington  et  al,  1977). 


tail  permitted  analysis  of  the  key  issues  affecting  the  solar  program.  These 
issues  were  the  dynamic  growth  characteristics  of  emerging  energy  tech¬ 
nologies,  the  technoeconomic  description  of  a  wide  range  of  conventional 
and  new  systems,  cost  reduction  from  mass  production  and  accumulated 
experience,  the  interaction  between  the  utility  and  consumer  sectors,  and 
market  behavior. 

spurr  consists  of  a  computer  simulation  model,  a  technoeconomic 
database,  and  scenario  definitions.  These  are  combined  as  shown  in 
figure  4.3  to  produce  energy  projections.  The  scenario  definitions  consist 
of  inputs  from  national  energy  and  economic  scenarios,  regional  climate 
and  energy  data,  and  federal  and  state  demonstrations  and  incentives. 
spurr  was  to  act  as  a  specialized  tool  for  solar  analysis  and  as  an  adjunct 
to  broader  and  necessarily  more  aggregate  national  studies.  As  such,  it 
used  baseline  energy  and  economic  studies  to  provide  year-by-year  es¬ 
timates  of  energy  demand  by  primary  fuel  and  use,  average  fuel  prices  for 
residential,  commercial,  industrial,  and  electric  utilities,  and  real  gross 
national  product  and  inflation  rates. 
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The  early  spurr  studies  took  scenarios  from  BNL’s  models;  the  spurr 
projections  for  the  National  Plan  for  Accelerated  Commercialization 
(NPAC)  of  Solar  Energy  used  baseline  scenarios  for  the  Domestic- Policy 
Review  (DPR)  of  solar  energy.  The  national  estimates  were  then  broken 
down  into  estimates  from  each  census  region.  When  these  estimates  were 
combined  with  regional  data  on  solar  insolation,  wind  speeds,  and  heat¬ 
ing  and  cooling  loads,  it  was  possible  to  develop  regional  parameters  for 
determining  the  cost  and  performance  of  the  solar  and  conventional 
alternatives. 

Finally,  the  federal  and  state  solar  demonstrations  and  tax  incentives 
were  defined.  These  programs  affected  several  parts  of  the  model.  Tax  in¬ 
centives  directly  affected  the  purchase  price  and  life-cycle  cost,  both  of 
which  have  a  major  impact  on  the  market  share  for  a  new  technology. 
Demonstration  programs  resulted  in  a  more  rapid  user  acceptance  of  the 
technology,  as  users  were  able  to  see  the  product  in  real  applications  and 
at  a  lower  cost  because  the  early  production  was  paid  for  by  the  demon¬ 
stration  program.  Information  programs  were  also  assumed  to  speed 
acceptance  through  reducing  the  buyer’s  fear  of  new  technologies. 

Although  the  simulation  results  from  spurr  attracted  the  most  atten¬ 
tion,  the  work  to  develop  systems  descriptions  and  engineering  costs  for 
the  solar  and  related  technologies  was  possibly  the  most  valuable  part  of 
the  entire  spurr  activity.  In  cooperation  with  the  federal  program  mana¬ 
gers  and  their  contractors,  an  extensive  technical  database  was  amassed. 
It  presented  in  a  consistent  manner  the  design  parameters  intended  to 
represent  the  commercial  results  of  the  various  development  programs. 
These  designs  were  documented  in  nine  volumes  and  several  thousand 
pages  of  material  (MITRE  Corporation,  1977).  Excerpts  from  one  of  the 
fact  sheets  for  solar  thermal  are  shown  in  table  4.14  to  illustrate  the  type 
of  data  included. 

A  basic  assumption  about  many  of  the  solar  technologies  was  that 
costs  could  be  significantly  reduced  by  a  combination  of  research  and 
mass  production.  This  assumption  was  modeled  in  spurr  by  using 
“experience  curves”  for  major  components,  such  as  flat-plate  solar  col¬ 
lectors,  photovoltaic  cells,  heliostats,  and  rotors  for  wind  machines.  T.  P. 
Wright  pioneered  the  use  of  learning  curves  to  reflect  a  manufacturer’s 
ability  to  reduce  the  unit  cost  of  an  item  as  total  production  volume 
accumulated.  The  original  work  on  learning  curves  applied  to  the  labor 
content  of  a  product.  This  concept  has  since  been  generalized  to  reflect 
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Table  4.14 


Generic  design  for  solar  thermal  central  receiver  fuel  saver 

First  year  of  operation 

*1990 

Demand  type 

Fuel  saver 

Nameplate  rating 

100  MWth 

Capacity  factor 

0.25  to  0.362 

Capital  cost  not  subject  to  experience 

274  S/kW  (  +  40%  -  20%) 

Capital  cost  subject  to  experience 

585  $/kW 

Projected  cost  if 

Components 

Number  built 

mass  produced  (S  kW) 

Heliostats 

15,000 

390 

Receiver 

2 

41 

Tower 

2 

91 

Control 

600 

63 

O&M  costs 

$12/kW,/yr 

Conventional  fuel  type 

None 

Construction  time 

2  years 

Lifetime 

30  years 

Land  use 

0.00001  mi2/kW 

Water  use 

None 

Labor 

0.010  person-years  kW 

Location  for  generic  design 

\ 

Census  regions  7,  8,  9 

Factor  determining  regional  variation 

Avail,  direct  sunlight 

Source:  MITRE  Corporation  (1977),  vol.  5. 


the  effects  of  all  production  factors  into  an  experience  curve,  which  de¬ 
scribes  the  cost  reduction  achieved  for  each  doubling  of  accumulated 
production  volume.  MITRE  reviewed  the  cost  trends  for  approximately 
seventy  cases  as  a  basis  for  comparing  likely  experience  curves  for  solar 
design  components.  Figure  4.4  shows  a  representative  case. 

The  convention  for  experience  curves  is  to  plot  cumulative  production 
against  unit  cost  on  logarithmic  paper  to  produce  a  straight  line.  The  ex¬ 
perience  factor  is  then  described  as  the  slope  of  the  line.  For  example,  the 
heliostats  in  the  previous  generic  design  were  assumed  to  have  a  learning 
curve  slope  of  80%  over  their  initial  production;  that  is,  the  cost  of  helio¬ 
stats  would  be  reduced  by  20%  as  the  total  cumulative  production  doubles 
from  2,000  units  to  4,000  units.  Another  4,000  units  would  be  required  to 
obtain  the  next  20%  cost  decrease,  8,000  more  units  for  the  next  20%  de¬ 
crease,  and  so  on.  Experience  curves  do  not  reflect  any  specific  cause  and 
effect  relations  but  rather  are  aggregate  statistical  models  of  the  produc- 
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Figure  4.4 

Experience  curve  for  nonelectric,  forced  warm  air  furnaces  (MITRE  Corporation,  1977, 
appendix  to  vol.  1). 

tion  process.  Their  correct  use  requires  careful  use  and  judgment  because 
the  cost  reduction  is  extremely  nonlinear  and  not  additive.  Selecting  the 
starting  volume  is  critical,  as  the  early  doublings  happen  quickly,  with  an 
eventual  leveling  off  as  the  production  level  grows.  Second,  splitting  a 
product  into  two  equivalent  products,  for  example,  collectors  for  hot 
water  and  for  space  heating,  slows  the  total  effect  as  compared  to  produc¬ 
ing  them  together.  Last,  artificially  defining  a  new  technology  so  that  it 
begins  at  the  bottom  of  the  experience  curve  with  no  production  allows 
for  several  rapid  doublings  in  production,  which  can  understate  the  cost 
of  the  product. 

For  these  reasons  spurr  used  experience  curves  for  the  major  com¬ 
ponents  of  the  generic  designs,  for  example,  heliostats.  Thus,  using  one 
application,  such  as  a  solar  thermal  “fuel  saver,”  could  reduce  the  helio- 
stat  costs  used  for  estimating  the  cost  of  a  solar  thermal  plant  with  stor¬ 
age.  Because  much  of  a  solar  design  consists  of  existing  items,  such  as 
concrete  footings,  valves,  and  piping,  the  portion  of  the  design  not  sub- 
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ject  to  experience  was  explicitly  calculated  from  the  original  design 
studies.  In  the  previous  example  $274  of  the  mass-produced  cost  of  $859/ 
kW  was  not  assumed  to  be  subject  to  cost  reductioh.  Regional  experience 
curves  were  used  for  such  technologies  as  flat-plate  collectors  to  reflect 
the  expected  regionality  of  the  industry.  For  such  components  as  a  solar 
thermal  central  receiver,  a  single  experience  curve  used  the  combined  pro¬ 
duction  of  all  of  the  regions. 

The  market  segmentation  in  spurr  was  selected  to  mirror  the  intro¬ 
duction  into  the  traditional  energy  applications  as  they  appear  today. 
For  each  region  the  market  was  segmented  into  the  following  sectors  or 
applications: 

Residential:  hot  water,  heating,  heating  and  cooling,  on-site  electricity 
Commercial:  hot  water,  heating,  heating  and  cooling,  on-site  electricity 

Industrial:  low  temperature  [to  100°C  (212'F)].  medium  temperature 
[100-300°C  (212°-572°F)],  high  temperature  [over  300°C  (572  F)],  on¬ 
site  electricity 

Utility:  base,  intermediate,  semipeaking,  peaking,  fuel  savers 

Synthetic  fuels:  methanol,  synthetic  crude  oil.  jammonia,  synthetic  natural 
gas 

For  each  of  these  market  sectors  the  market  was  further  segmented  by 
fuel  type  and  new  and  retrofit  demand  as  appropriate.  Thus  an  example 
of  an  individual  market  segment  calculation  might  be  the  comparison  in 
1985  of  retrofitting  an  electric  hot  water  heater  in  a  single-family  home 
located  in  census  region  5  (Alabama,  Mississippi,  Tennessee,  and  Ken¬ 
tucky)  with  one  of  several  solar  hot  water  heater  designs.  The  residential 
and  commercial  heating  and  cooling  analysis  consisted  of  over  2,000  indi¬ 
vidual  market  sectors  for  a  single  year. 

Different  market  decision  algorithms  were  used  for  the  distributed  and 
centralized  components  of  spurr  to  compute  the  market  shares  allocated 
to  competing  technologies  within  each  market  segment.  For  the  distri¬ 
buted  applications  (residential,  commercial,  and  industrial)  an  S-shaped 
market  shaie  function  as  shown  in  figure  4.5  was  used.  The  market  share 
depends  on  a  “figure  of  merit”  (FOM)  of  the  solar  versus  the  conven¬ 
tional  system  and  the  years  since  the  technology  first  became  generally 
available. 
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Figure  4.5 

spijrr  market  share  function  (Bennington  et  al.,  1977). 
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This  market  share  function  has  the  following  characteristics: 

Explicit  specification  of  the  value  of  the  new  technology  relative  to  its  con¬ 
ventional  competitor. 

Technological  substitution  proceeding  exponentially  in  the  early  years,  finally 
following  an  S-shaped  curve,  similar  to  that  characterized  by  Fisher  and  Pry. 

The  incorporation  of  a  “boom  or  bust”  phenomenon  in  which  the  new  technology 
is  allowed  to  enter  the  market  even  though  its  relative  value  is  less  than  its  con¬ 
ventional  competitor.  However,  if  the  relative  value  does  not  increase  over  time, 
the  technology  will  taper  off  and  cease  to  compete.  (Bennington  et  al.,  1977) 

The  FOM  used  for  the  residential  market  was 
FOM  =  C\[(X\IX2)  +  C2\(X1  -  C3)X2 , 

where  XI  is  the  fuel  saving  in  the  first  year  as  a  result  of  solar  and  X2  is 
the  initial  solar  cost  minus  the  initial  conventional  cost.  The  constants 
Cl,  C2,  and  C 3  were  fit  to  available  market  data  and  attitudinal  studies. 
The  FOM  for  the  other  two  sectors  used  a  ratio  of  the  life-cycle  costs  of 
the  conventional  technology  to  the  solar  technology. 

The  central  components  of  spurr  used  a  market  penetration  algo¬ 
rithm  design  to  satisfy  the  given  demand  according  to  the  probability 
of  least  cost.  A  stochastic  allocation  was  used  to  handle  the  w  ide  amount 
of  uncertainty  and  risk  associated  with  the  larger-scale  technologies  and 
the  uncertainties  in  the  fuel  cost.  This  procedure  also  had  the  added 
advantage  of  being  able  to  distribute  the  market  share  among  several 
alternatives. 

For  each  technology  three  energy  cost  estimates  were  made:  expected 
cost,  maximum  cost,  and  minimum  cost.  These  three  estimates  are  used 
to  define  a  triangular  probability  distribution  for  each  competing  tech¬ 
nology,  as  shown  in  figure  4.6.  A  random  sampling  was  then  performed, 
and  the  three  systems  with  the  lowest  energy  costs  were  considered  for 
construction.  The  market  is  allocated  in  proportion  to  the  sampled  prob¬ 
abilities  of  the  cheapest  technology.  In  figure  4.6  the  potential  range  of 
energy  costs  lor  a  coal  plant  was  compared  to  two  w'ind  energy  conver¬ 
sion  systems  (WECSs)  and  a  solar  thermal  electric  plant.  If  the  random 
sample  indicated  a  40%  chance  that  the  WECS-1  design  would  be  the 
cheapest  for  this  case,  it  would  be  allocated  40%  of  the  new  capacity 
availability  for  that  period. 

S-shaped  maximum  market  share  constraints  were  also  input  to  keep  a 
new  technology  from  being  accepted  too  rapidly.  If  some  of  the  allocated 
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Figure  4.6 

Probability  distribution  for  utility  market  allocation  (Bennington  et  al.,  1977). 


construction  could  not  be  built  because  of  the  constraints,  the  market 
allocation  process  was  repeated  with  the  residual  demand  and  the  tech¬ 
nologies  that  remained  unconstrained.  Once  the  market  allocations  had 
been  completed  for  the  year,  the  projections  for  the  year  were  accumulated 
for  each  region  and  the  nation  for  installed  systems,  energy  production 
by  solar,  energy  utilization,  federal  cost  for  incentives,  total  capital  cost 
for  solar  installations,  life-cycle  costs  by  technology,  and  labor  and  mate¬ 
rials  requirements  for  solar.  The  experience  curves  were  updated  to  re¬ 
flect  the  new  production  levels  and  the  simulation  moved  to  the  next 
period. 

SRI  Solar  Model.  SRI  developed  the  SRI  solar  penetration  model  in  1976 
to  assist  the  DOE  Solar  Working  Group  in  assessing  the  priorities  for  the 
solar  energy  program  (SRI,  1977).  In  contrast  to  spurr,  the  SRI  model 
was  designed  to  provide  a  low-cost  analysis  tool  for  studying  the  impli¬ 
cations  of  the  future  use  of  seven  major  solar  energy  technologies.  The 
SRI  model  uses  national  economic  and  energy  demands  derived  from  a 
proprietary  SRI  National  Energy  Model.  Three  scenarios  were  consid- 
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Price  ratio  Ps/Pa 


Figure  4.7 

Equilibrium  market  share  from  SRI  solar  market  penetration  model  (SchifTel  et  al„  1978). 


ered:  a  reference  case;  a  solar  emphasis  case,  which  assumes  solar  costs 
necessary  to  the  45-quad  goal  set  in  ERDA  49  (ERDA,  1975a);  and  a  low- 
demand  case  to  examine  the  consequences  of  minimizing  energy  demand. 

The  SRI  model  divides  the  country  into  nine  regions  and  examines 
seven  energy  markets— water  heating,  rural  space  heat,  urban  space  heat, 
industrial  and  agricultural  heating,  biomass,  intermediate  electricity,  and 
base  electricity.  The  fourteen  solar  processes  and  fuel  combinations  ex¬ 
amined  were  solar  plus  gas  water  heating,  solar  plus  electricity  water 
heating,  solar  plus  fuel  oil  water  heating,  solar  plus  gas  space  heat,  solar 
plus  electric  space  heat,  solar  plus  luel  oil  space  heat,  solar  industrial 
heating,  biomass  gas,  biomass  methanol,  biomass  electricity,  photo¬ 
voltaic,  solar  thermal  electricity,  near-shore  OTEC,  and  tropical  OTEC. 

By  using  conventional  fuel  prices  and  the  technical  data  on  the  solar 
systems,  a  cost-per-million-Btu  can  be  calculated  for  each  system.  An 
“equilibrium  market  share”  is  calculated  based  on  the  ratio  of  the  solar 
and  conventional  energy  prices.  The  market  share  function  shown  in  figure 
4.7  is  an  S-shaped  curve  with  a  “gamma  parameter,”  which  accounts  for 
market  conditions  such  as  technical  suitability  and  price  variations.  The 
gamma  parameter  is  subjectively  assigned  for  each  technology.  The  mar¬ 
ket  share  function  is  symmetric  with  regard  to  a  ratio  of  1  and  has  a  mar¬ 
ket  share  of  0.5  for  equal  energy  prices.  This  curve  represents  the  long¬ 
term  market  share  that  would  arise  based  on  energy  price  considerations. 
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Figure  4.8 

Dynamic  market  response  from  SRI  solar  market  penetration  model  (Schiffel  et  al.,  1978). 


After  obtaining  the  equilibrium  market  share  for  a  technology  in  an  ap¬ 
plication,  another  S-shaped  function,  shown  in  figure  4.8,  is  used  to  ac¬ 
count  for  the  time  required  for  a  new  technology  to  receive  widespread 
acceptance.  The  behavior  lag  function  depends  on  the  years  the  technol¬ 
ogy  has  been  in  use  and  the  half-life  of  the  market,  that  is,  the  time  taken 
for  the  curve  to  reach  a  value  of  0.5.  The  half-life  for  each  market  is 
assigned  subjectively  (Schiffel  et  al.,  1978).  The  product  of  the  equi¬ 
librium  market  share  and  the  behavior  lag  function  determine  the  solar 
market  share  for  that  application  and  year.  This  process  is  repeated  for 
each  application  and  technology  for  each  region  to  generate  the  year’s 
total.  The  method  of  determining  solar  costs  is  not  documented  but  is 
assumed  to  be  an  input  parameter  based  on  the  scenario.  The  model  uses 
five-year  time  steps  through  2020. 

SRI’s  final  report,  Solar  Energy  in  America’s  Future  (SRI,  1977), 
makes  a  well-balanced  assessment  of  how  to  use  the  market  projections 
of  a  model  such  as  the  SRI  model  (and  most  others). 

In  this  study  energy  projections  are  not  used  either  for  prediction  or  for  planning; 
instead,  they  are  used  to  explore  a  number  of  alternative  futures. . . .  The  energy 
projections  of  this  study  represent  different  energy  futures  based  on  alternative 
assumptions  of  energy  demand  levels  and  energy  supply  economics.  Thus,  one 
or  more  of  these  scenarios  is  likely  to  appear  wildly  improbable  to  different  ob¬ 
servers.  By  presenting  the  results  in  a  parametric  fashion,  however,  we  enable 
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each  reader  to  enter  the  report  with  his  or  her  own  estimates  of  future  energy 
costs  and  future  energy  demand  levels  and  emerge  with  insights  into  the  impli¬ 
cations  of  his  or  her  own  assumptions  and  the  assumptions  of  others. 

4.3.3  Market  Segment  and  Technology  Models 

I  discuss  briefly  the  models  developed  by  Arthur  D.  Little,  Inc.,  and 
Energy  and  Environmental  Analysis,  Inc.,  to  illustrate  alternative  ap¬ 
proaches  to  estimating  the  eventual  use  of  new  energy  technologies. 

Arthur  D.  Little,  Inc.  (ADL),  contributed  the  solar  heating  and  cooling 
estimates  for  the  first  Project  Independence  study  and  conducted  several 
widely  subscribed  multiclient  studies  on  the  likely  use  of  solar  heating 
and  cooling.  The  ADL  model  used  for  the  Federal  Energy  Administra¬ 
tion  uses  ten  regions  and  includes  ten  market  segments.  The  projections 
covered  between  1977  and  1990.  The  FOM  used  is  the  pavback  period, 
that  is,  the  initial  capital  cost  divided  by  the  net  annual  cost  savings. 
As  shown  in  figure  4.9,  the  ADL  model  contains  a  family  of  penetration 
curves  starting  with  an  “initial  curve"  and  eventually  moving  to  a  “final 
curve”  as  the  technology  matures.  For  example,  a  payback  of  two  years 
would  be  required  to  achieve  an  “initial”  market  share  of  50%,  w  hereas 


Figure  4.9 

Penetration  curves  used  in  Arthur  D.  Little,  Inc.,  market  penetration  model  (Arthur  D 
Little,  Inc.,  1977). 
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this  market  share  could  be  achieved  with  a  payback  of  four  to  five  years 
after  the  technology  matures.  The  calibration  of  the  parameters  defining 
the  family  of  penetration  curves  is  not  given. 

Energy  and  Environmental  Analysis,  Inc.  (EEA),  developed  a  multi¬ 
technology  model  designed  to  look  at  all  technologies  in  the  industrial 
sector.  The  model  was  characterized  by  a  high  level  of  market  segmenta¬ 
tion  (over  2,000  segments)  to  ensure  that  the  energy-use  patterns  and 
technology  matches  were  correct.  No  regional  data  were  used.  The  model 
develops  a  price  distribution  for  each  technology  and  market  sector 
based  on  their  complexity,  the  specifics  of  their  application,  and  other 
factors.  These  distributions  were  typically  based  on  subjective  estimates. 
The  market  penetration  was  performed  in  three  steps.  First,  “nominal 
market  shares”  were  determined  as  the  proportion  of  the  uses  in  a  market 
segment  for  which  the  technology  would  be  the  cheapest  alternative. 
Second,  the  nominal  market  shares  were  determined  by  a  random  sample 
from  the  price  distributions.  An  S-shaped  curve  was  used  as  a  multiplier 
of  the  nominal  market  share  to  approximate  the  lags  in  accepting  new 
technologies.  Third,  the  residual  unused  market  share,  resulting  from  the 
use  of  the  S-shaped  curve,  was  assigned  to  the  incumbent  technology, 
which  in  this  case  was  assumed  to  be  coal  technologies. 

4.4  Summary  and  Conclusions 

I  have  reviewed  solar  market  assessments  from  twelve  major  federal 
studies.  The  effort  expended  in  attempting  to  understand  the  likely  im¬ 
pact  of  solar  energy  was  impressive.  Although  several  of  the  early  studies 
were  performed  by  a  small  group  in  a  few  months,  the  later  studies  were 
conducted  over  several  years  with  over  100  person-years  and  at  a  cost  of 
several  million  dollars.  Market  potential  studies  have  their  value,  but  a 
major  failing  of  the  assessments  is  in  the  use  of  these  assessments.  There 
seems  to  be  an  irresistible  temptation  to  use  studies  as  predictions  of  the 
future.  Changing  the  predictions  to  “goals”  or  “technical  limits”  did 
little  to  change  the  public’s  or  the  media’s  interpretation  of  these  studies. 
This  is  not  surprising  because  we  all  wanted  to  know  how  the  results  of 
the  solar  program  would  turn  out. 

The  effort  spent  on  these  assessments  accomplished  many  things.  First, 
the  managers  of  the  federal  R&D  programs  were  compelled  to  realize 
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that  it  would  be  the  participation  in  the  marketplace  by  the  manufacturers, 
banks,  and  users  that  would  eventually  change  the  nation’s  energy  usage 
patterns.  Second,  basic  input  data  gathered  for  the  assessments  provided 
a  uniform  framework  for  comparing  the  cost/performance  profdes  for  a 
large  number  of  alternatives.  For  example,  technology  descriptions  de¬ 
veloped  for  ERDA  to  support  spurr  consisted  of  a  nine-volume  sum¬ 
mary  of  solar  technologies  based  on  all  the  available  designs  that  had 
been  thoroughly  reviewed  by  program  managers  and  their  contractors. 
For  each  of  the  several  hundred  basic  descriptions,  a  consistent  basis  was 
developed  for  assessing  the  likely  impact  on  materials  and  labor,  land 
use,  job  creation,  and  environmental  impacts.  An  equally  valuable  data¬ 
base  was  developed  by  Oak  Ridge  National  Laboratories  for  assessing 
the  impacts  of  conservation  and  solar  in  buildings. 

All  the  models  suffered  greatly  from  lack  of  market  data  from  which  to 
calibrate  the  market  share  calculations.  Many  investigators  tried  to  cali¬ 
brate  early  attitudinal  surveys  and  the  early  solar  hot  water  sales  data. 
Unfortunately,  small  changes  in  assuming  market  behavior  could  com¬ 
pletely  change  the  outcome  of  most  of  the  models.  If  models  of  this  type 
are  to  be  used  again,  they  should  be  recalibrated  using  up-to-date  market 
data  and  should  be  extended  to  include  the  noneconomic  factors  that 
have  an  impact  on  solar  adoption.  In  particular,  the  SERI  project  was  the 
first  effort  that  tried  to  predict  market  penetration  based  on  behavioral 
theory  (Farhar-Pilgrim  and  Unseld,  1982).  Its  use  in  federal  policy  and 
solar  market  assessments  was  minimal  because  of  the  timing  of  the  work. 
Commercialization  of  solar  was  no  longer  emphasized  when  this  work 
was  published.  The  four-tiered  model  of  homeowners  developed  in  this 
study  could  provide  an  excellent  basis  for  improved  segmentation  for 
modeling  as  well  as  constructive  insights  for  direct  action. 

The  use  of  market  potential  assessments  as  predictions  was  futile.  None¬ 
theless,  the  use  of  rigorous  accounting  structures  for  energy  flows, 
system  counts  by  market  segment,  and  investment  provided  the  opportu¬ 
nity  to  assess  the  implications  of  achieving  different  goals.  For  example, 
I  included  the  following  assessment  of  what  it  would  mean  to  achieve 
a  20%  goal  for  solar  as  part  of  a  congressional  hearing  on  solar  energy 
futures: 

Twenty-two  quads  of  our  total  energy  demand  of  1 15  quads  would  mean  a  solar 
contribution  of  20  percent  of  the  nation’s  energy  needs.  This  would  require  a  cap¬ 
ital  investment  of  solar  equipment  of  $1  trillion  by  the  turn  of  the  century.  The 
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capital  required  would  be  equal  to  20  to  30  percent  of  the  nation’s  investment 
over  the  next  20  years. . . .  One  out  of  two  existing  buildings  in  the  year  2000 
would  be  using  some  type  of  solar  energy. . . .  Solar  sales  would  amount  to  over 
$50  billion  per  year,  a  greater  than  800-fold  increase  of  current  sales.  (Ben¬ 
nington,  1979) 

These  implications  were  good  news  or  bad,  depending  on  each  person’s 
value  system.  Using  solar  impacts  to  understand  the  magnitude  of  the 
effort  involved,  the  benefits,. or  even  whether  some  goals  make  sense 
appears  to  be  the  most  productive  use  of  assessment  tools  such  as  those 
discussed  in  this  chapter. 
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Peter  C.  Spewak 

In  response  to  the  oil  embargo  of  1973,  the  federal  government  embarked 
on  a  monumental  effort  to  develop  new  energy  resources  quickly.  Solar 
energy  became  a  prime  candidate  as  an  alternative  energy  resource.  The 
government  felt  that  solar  could  provide  a  significant  portion  of  U.S.  en¬ 
ergy  requirements  by  the  turn  of  the  century,  given  the  successes  in  other 
technological  areas.  These  successes  seemed  to  indicate  that  the  consider¬ 
able  technological  issues  related  to  solar  energy  could  be  solved  in  this 
time  frame. 

However,  the  federal  government  realized  that  the  economic  and  insti¬ 
tutional  issues  would  be  as  important  if  not  more  important  than  the 
technological  issues.  To  deal  with  these  technical,  economic,  and  insti¬ 
tutional  issues  expeditiously,  a  significant  federal  program  evolved. 
Authorized  by  public  law,  a  series  of  initiatives  were  enacted  to  develop 
and  promote  the  use  of  solar  energy.  In  some  cases  these  initiatives  were 
modeled  after  activities  that  federal  policy  had  enacted  in  other  energy 
and  nonenergy  programs.  In  other  instances  new  government  roles  were 
defined  and  enacted. 

Here  I  review  the  incentives  proposed  and/or  enacted  for  solar  energy 
from  a  historical  perspective.  In  section  5.1  I  discuss  the  rationale  for 
solar  incentives  and  subsidies,  concentrating  heavily  on  the  Cone  studies, 
which  examine  the  role  of  the  federal  government  in  energy  resource  de¬ 
velopment.  I  also  reference  the  National  Plan  for  Accelerated  Commer¬ 
cialization  of  Solar  Energy  (NPAC)  material  and  focus  on  the  potential 
benefits  that  can  be  derived  to  offset  the  cost  of  incentives. 

In  section  5.2  I  discuss  the  design  considerations  of  specific  solar  incen¬ 
tives.  First,  I  discuss  the  forms  of  incentives  in  light  of  what  barriers  they 
were  designed  to  remove.  Next  I  turn  to  the  scheduling  of  incentives,  the 
determination  of  appropriate  level  of  support,  and  regional  variations  of 
incentives.  This  information  is  based  on  NPAC  and  subsequent  survey 
reports  of  incentives  (Spewak  and  Bohannon,  1981). 

In  section  5.3  I  discuss  the  type,  level,  and  impact  of  solar  incentives 
enacted.  Current  solar  sales  data  are  extracted  from  the  Energy  Informa¬ 
tion  Administration  (EIA)  solar  collector  survey  (El A,  1984). 


168 


P.  C.  Spewak 


5.1  The  Rationale  for  Federal  Incentives  and  Subsidies 

Since  the  1920s  the  federal  government  has  played*  an  active  role  in  the- 
development  of  energy  resources  in  the  United  States.  Through  1977  over 
$346  billion  (in  1984  dollars)  was  committed  by  the  federal  government 
to  energy  production  in  expenditures  and  foregone  tax  revenue  (Cone. 
Brenchley,  and  Brix,  1980).  Historically  this  sizable  investment  has  been 
justified  for  two  reasons:  (1)  financial  incentives  help  underwrite  the  risk 
associated  with  investment  in  new  technologies;  (2)  financial  incentives 
reflect  the  value  of  the  resources  to  society  or  the  nation  (national  value) 
when  the  value  perceived  by  the  private 'sector  (or  the  marketplace)  is  less 
than  the  public  national  or  societal  value. 

These  reasons  are  not  unique  to  energy  technologies.  Even  today,  in 
the  midst  of  increasing  pressures  to  reduce  federal  spending,  there  is  a 
strong  emphasis  on  government  support  of  high  technology.  Ever  since 
the  1950s  the  federal  government,  through  the  National  Aeronautics  and 
Space  Administration  (NASA),  has  supported  the  high-risk  high-payoff 
technology  associated  with  space  exploration.  Only  in  the  last  two  years 
has  there  been  any  serious  private  sector  capital  investment  in  space  ac¬ 
tivities.  Federally  supported  research  in  medicine  and  health  supports 
national  value  and  allows  for  health  care  and  treatment  that  would  prob¬ 
ably  be  prohibitively  costly  if  research  costs  were  fully  recovered.  Loan 
guarantees  from  the  Department  of  Housing  and  Urban  Development 
(HUD)  provide  national  value  through  financing  for  adequate  housing. 
Federal-  and  state-funded  agricultural  research  has  been  a  major  factor 
in  the  high  productivity  of  our  nation's  croplands.  This  research  and  the 
related  dissemination  ot  information,  along  with  other  direct  market  in¬ 
centives,  help  to  ensure  the  stability  of  U.S.  food  sources.  These  are  only 
a  few  of  the  many  nonenergy  related  examples. 

There  are  many  examples  ot  incentives  for  energy  development  and 
production,  foreign  tax  credits  and  oil  depletion  allowances  represent 
sizable  incentives  for  oil  production.  The  production,  sale,  and  transmis¬ 
sion  of  electric  power  by  federally  sponsored  regional  power  authorities 
represent  a  significant  energy  impact.  Energy  research,  development,  and 
demonstration  have  resulted  in  commercializing  energy  technologies, 
such  as  nuclear,  which  would  probably  have  been  too  risky  for  develop¬ 
ment  by  industry  alone.  Nuclear  continues  to  receive  other  substantial 
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incentives,  both  direct  (subsidization  of  nuclear  refinement  and  enrich¬ 
ment)  and  indirect  (limitations  on  culpability  for  nuclear  accidents). 

National  value  and  parity  are  two  issues  that  need  to  be  considered  in 
discussing  the  appropriateness  of  incentives  for  solar  and  conservation. 
Related  to  national  value  are  the  externalities  or,  more  specifically,  the 
internalizing  of  the  external  socioeconomic  and  political  benefits  of  solar. 
Related  to  parity  is  economic  efficiency.  Parity  is  not  solely  an  issue  of 
equity.  Economic  efficiency  might  be  achieved  more  successfully  by  re¬ 
moving  an  existing  incentive  that  provides  a  comparative  advantage  to  a 
conventional  energy  source  over  solar  rather  than  by  providing  solar  with 
an  incentive  to  put  it  on  a  par  with  the  conventional  energy  source. 

5.1.1  Total  National  Value 

The  potential  national  value  of  solar  is  large.  National  value  benefits  fall 
into  several  categories:  energy  savings,  industrial  development,  environ¬ 
mental  and  health  benefits,  other  indirect  sociopolitical  benefits,  and 
national  defense.  The  magnitude  of  these  benefits,  of  course,  varies  con¬ 
siderably,  given  the  level  of  conservation  and  solar  use,  because  the  level 
of  use  varies  as  a  function  of  the  magnitude  of  incentives. 

Energy  Savings  Benefits.  Estimates  are  that  solar  can  account  for  as  much 
as  17.1  quad/yr  (1024  Btu  =  1.055  x  106  TJ),  roughly  15%  of  the  nation’s 
energy  use,  as  shown  in  table  5.1  (Spewak  and  Bohannon,  1981).  How¬ 
ever,  the  estimates  in  table  5.1  depict  conventional  price-demand  scenar¬ 
ios  that  were  felt  to  be  realistic  in  1980.  These  scenarios  also  represented 
assumptions  of  relatively  stable  economic  growth  through  the  1980s.  In 
hindsight,  most  of  these  assumptions  were  inaccurate,  and  the  resulting 
projected  impacts  are  considerably  higher  than  current  experience  dem¬ 
onstrates.  Even  the  most  conservative  estimate  is  high.  To  be  “on  track” 
with  the  7.2-quad  scenario,  1985  annual  sales  of  solar  collectors  should 
have  been  approximately  108  ft2  (106  m2)  (Parikh  et  al.,  1980).  Based  on 
the  results  of  the  El  A  collector  survey  for  1983  (El  A,  1984),  actual  sales 
were  probably  in  the  range  of  15-20  x  106  ft2  (1-2  x  106  m2).  Subse¬ 
quent  analyses  have  not  been  carried  out  to  revise  solar  use  projections 
based  on  current  scenarios  and  our  expanded  understanding  of  the  solar 
marketplace. 

Industrial  Development  Benefits.  A  viable  U.S.  solar  industry  would  pro¬ 
vide  substantial  national  benefits.  One  benefit  occurs  in  the  marketplace. 
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Table  5.1 

Solar  potential,  quads/yr,  year  2000  (quads/yr  =  1.055  EJ/yr) 


Potential 

Solar 

objective 

document3 

DPRb 

* 

NPACC 

Solar 

strategy 

document** 

Industrial 

Solar  thermal 

2.2 

2.4 

2.2 

Biomass 

3.3 

2.2 

3.5 

Wind,  PV,  hydro 

0.5 

0.9 

0.5 

_ 

Total 

6 

5.5 

6.2 

3 

Utility 

Solar  thermal 

0.4 

0.4 

1.6 

Ocean  thermal 

0.1 

0.1 

0.2 

Wind 

1.2 

1.5 

2.3 

_ 

Biomass 

0.1 

0.1 

0.2 

Photovoltaics 

0.2 

0.3 

0.4 

Hydro 

2 

2.4 

4.7 

Total 

4 

4.8 

9.4 

2 

Buildings 

Active 

2.4 

2 

3.1 

Passive 

1 

0.4 

Wind 

0.1 

0.2 

0.6 

PV 

0.4 

0.6 

0.4 

Biomass 

0.6 

0.4 

/ 

© 

oo 

Total 

3.5 

4.2 

5.3 

2 

Transportation 

3 

2.2 

0.9 

0.2 

Total  Solar 

14.5 

14.3 

17.1 

7.2 

Source:  Spewak  (1981). 

a.  Solar  Objectives  Document,  DOE  Division  of  Solar  Energy  (1980). 

b.  Domestic  Policy  Review  (DPR)  of  Solar  Energy  ( 1 979). 

*i979)ti0nal  Plan  f°r  the  Accelerated  Commercialization  (NPAC)  of  Solar  Energy  (MITRE, 
d.  Solar  Strategy  Document,  DOE  Office  of  Conservation  and  Solar  Policy  (1980). 
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Today  the  solar  industry  exists  primarily  in  hydroelectric  (hardware  man¬ 
ufacturers  and  power  producers),  industrial  and  residential  biomass,  flat- 
plate  collectors,  and  photovoltaics.  Sales  of  hydroelectric  components  ac¬ 
count  for  approximately  $1  billion  per  year  (about  1.3  billion  in  1985 
dollars).  Because  the  biomass  industry  is  fragmented,  its  size  is  hard  to 
estimate;  however,  in  1980  approximately  100,000  wood  stoves  (a  compo¬ 
nent  of  the  biomass  industry)  were  sold,  accounting  for  about  $50  million 
in  sales  (about  65  million  in.  1985  dollars).  The  flat-plate  collector  in¬ 
dustry,  including  pool  heaters,  accounted  for  approximately  $784  million 
(845  million  in  1985  dollars)  in  annual  sales  (EIA,  1984).  Photovoltaics, 
still  used  primarily  for  small-scale  remote  applications,  accounts  for 
about  $70  million  (75  million  in  1985  dollars)  in  annual  sales  (EIA,  1984). 

Another  benefit  of  the  solar  industry  is  its  contribution  to  the  job 
market.  If  10  quads  of  energy  are  supplied  by  solar  sources  in  the  year 
2000,  approximately  one  million  new  jobs  will  be  created.  These  jobs  in¬ 
clude  those  directly  involved  in  solar  manufacture,  installation,  mainte¬ 
nance,  and  operation,  as  well  as  those  indirectly  involved  in  solar  manu¬ 
facture  (for  example,  steel  workers).  Approximately  330,000  jobs  would 
be  directly  involved  in  solar  (Bennington  et  al.,  1979). 

Environmental  and  Health  Benefits.  The  environmental  and  health  bene¬ 
fits  from  solar  are  similar  to  the  financial  benefits  to  the  solar  consumer 
in  that  initial  investments  or  “front-end”  costs  are  paid  back  over  time 
with  the  benefits  derived.  This  analogy  also  holds  in  discussing  total 
national  value.  The  front-end  costs  associated  with  early  developmental 
incentives  are  counterbalanced  against  later  benefits. 

The  manufacture  of  a  solar  hot  water  heater,  for  example,  produces 
several  indirect  residuals.  The  indirect  construction  residuals  associated 
with  the  same  capacity  of  an  alternative  energy  form — for  example,  a 
coal-fired  electric  power  plant — are  noticeably  less  than  those  associated 
with  the  solar  hot  water  heater.  So  in  the  first  year,  through  the  manu¬ 
facture  of  the  materials  and  components  of  the  solar  hot  water  heater, 
there  is  actually  an  increase  in  pollution.  Specifically  the  manufacturing 
process  results  in  particulates  [2  lb  (1  kg)]  and  sulfur  dioxide  [5  lb  (2  kg)]. 
Other  pollutants  are  decreased  slightly.  In  following  years,  however,  the 
solar  hot  water  heater  results  in  no  further  residuals  in  providing  hot 
water,  whereas  the  coal-fired  power  plant  does.  Thus  after  three  years  the 
solar  hot  water  heater  has  caused  no  net  increase  in  emissions  and  con- 
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tinues  for  the  rest  of  the  system  life  benefiting  the  environment  (Ben¬ 
nington  et  al.,  1979). 

Under  the  10-quad  scenario  discussed  previously,  solar  provides  sub¬ 
stantial  environmental  benefits  by  the  year  2000.  Although  in  the  accel¬ 
erated  case  solar  may  be  a  net  producer  of  pollution  at  the  turn  of  the 
century  because  of  its  continuing  high  rate  of  growth,  overall  reductions 
in  pollution  through  time  may  result  in  $10-515  billion  in  health  benefits 
per  additional  quad  of  solar  produced  (Bennington  et  al.,  1979).  These 
estimates  do  not  take  into  account  the  additional  benefits  derived  from 
reducing  the  threats  associated  with  carbon  dioxide  buildup,  nuclear 
waste,  thermal  pollution,  and  sludge  from  coal  scrubbers. 

A  1,000-MW  commercial  nuclear  power  plant  produces  about  30  metric 
tons  of  waste  containing  approximately  10  kg  (4.5  lb)  of  transuranium 
elements  when  discharged.  Each  additional  quad  of  solar  over  the  basic 
10-quad  scenario  can  result  in  one  less  1,000-MW  nuclear  power  plant 
(based  on  a  reasonable  set  of  assumptions  concerning  national  fuel  mix) 
(Bennington  et  al.,  1979). 

Other  Indirect  Sociopolitical  Benefits.  The  other  benefits  of  solar  and 
conservation  that  may  be  used  to  demonstrate  total  national  value  and 
thus  justify  the  use  of  incentives  are  hard  to  quantify  but  nevertheless 
real.  United  States  dependence  on  imported  fossil  fuels  results  in  a  con¬ 
tinual  threat  of  international  extortion  by  means  of  a  fuel  embargo.  The 
consequences  of  this  threat  are  both  economic  and  political.  Oil  embar¬ 
goes  cause  the  cost  of  energy  to  rise  and  can  cause  serious  setbacks  to 
gross  national  product  (GNP)  growth.  After  the  1973  embargo  the  cumu¬ 
lative  loss  to  GNP  during  the  period  1974  through  1976  was  S822  billion 
(in  1985  dollars)  (Bennington  et  al.,  1979). 

National  Defense  Benefits.  The  threat  of  an  oil  embargo  greatly  increased 
awareness  in  the  United  States  ot  the  need  for  energy  independence.  De¬ 
veloping  such  domestic  energy  sources  as  solar  provides  greater  flexibility 
in  structuring  foreign  policy  and  ensuring  national  security.  A  decrease  of 
fossil  fuel  use  by  the  United  States  could  help  lessen  world  pressures  on 
energy  resources.  Additionally,  U.S.  development  and  export  of  solar  and 
conservation  technology  would  further  decrease  competition  for  foreign 
oil.  Solar  may  be  particularly  appropriate  in  developing  countries  where 
laige  centralized  energy  systems  have  not  yet  been  established.  Without 
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alternative  energy  resource  development,  increased  energy  demand  by  de¬ 
veloping  countries  could  result  in  further  international  instability. 

5.1.2  Parity 

Because  other  energy  technologies  have  received  sizable  financial  in¬ 
centives,  the  issue  of  parity  is  central  to  the  argument  for  providing  in¬ 
centives  for  solar  technology.  However,  it  is  not  enough  to  argue  for 
solar  incentives  purely  on  the  basis  of  precedent.  Economic  policies  and 
sociopolitical  environments  existing  at  the  time  historical  incentives  were 
instituted  distort  such  an  argument.  It  is  appropriate  to  analyze  the  con¬ 
tinuing  impacts  of  incentives  received  by  conventional  energy  sources 
vis-a-vis  energy  cost.  The  argument  is  that,  if  current  energy  costs  are 
artificially  lowered  relative  to  solar,  then  incentives  for  solar  (or  the  re¬ 
moval  of  incentives  for  conventional  energy  sources)  may  be  appropriate 
if  the  nation  benefits  from  the  resulting  parity  in  energy  costs. 

In  1980  Battelle  Memorial  Institute  (Cone,  Brenchley,  and  Brix,  1980) 
studied  federal  incentives  for  conventional  energy  sources.  This  study  fol¬ 
lowed  a  historical  analysis  of  subsidies,  which  analyzed  energy  subsidies 
through  time  versus  the  energy  produced  (Cone,  Brenchley,  and  Brix, 
1978b).  The  study  found  that  tax  incentives  increased  oil  and  gas  produc¬ 
tion  by  23  quads  and  lowered  prices  from  2.20  to  57.50/ 106  Btu  (per  1.055 
GJ)  (2.9  to  750/1O6  Btu  in  1985  dollars).  The  incentives,  which  were  de¬ 
scribed  as  “market  activities”  (defined  in  following  sections),  increased 
electricity  production  from  hydro  and  fossil  fuels  by  about  18  quads  and 
lowered  the  price  of  electricity  from  49.10  to  $3.23/ 1 06  Btu  (per  1.055  GJ) 
(640  to  $4.21/1 06  Btu  in  1985  dollars).  Regulatory  measures  were  esti¬ 
mated  to  increase  oil  and  gas  production  by  about  9  quads  and  increase 
prices  by  about  18.50/1O6  Btu  (per  1.055  GJ)  (24.10/1O6  Btu  in  1985 
dollars).  These  findings  are  summarized  by  energy  type  in  table  5.2.  All 
energy  is  expressed  in  thermal  units.  Incentives  applied  to  utilities  are 
prorated  to  the  primary  energy  type  used  to  generate  the  electricity. 

The  subsidies  applicable  to  each  energy  source  are  somewhat  different 
if  taken  on  an  annual  “snapshot”  basis.  As  seen  in  table  5.3,  the  incen¬ 
tives  connected  with  coal,  oil,  gas,  and  nuclear  in  1977  were  substantially 
different  from  the  historical  averages  on  a  dollar  per  106  Btu  basis.  These 
values  represent  the  current  level  of  subsidization,  that  is,  the  level  at 
which  incentives  were  decreasing  the  price  of  these  energy  sources. 
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Table  5.2 

Energy  production  and  incentives  by  energy  type  (1933-1977) 


Energy 

type 

Period 

Cumulative 
incentives3 
($  x  109) 

* 

Cumulative 

production 

(quads) 

Cumulative 
incentives 
(S/106  Btu  = 
$/ 1.055  GJ) 

Hydro 

1933-1977 

44 

73 

0.60 

Coal 

1950-1977 

56 

378 

0.15 

Oil 

1950-1977 

164 

454 

0.36 

Gas 

1950-1977 

42 

458 

0.09 

Nuclear 

1950-1977 

32 

10 

3.20 

Total 

338 

1,373 

Average  incentive 

0.25 

Source:  Cone,  Brenchley,  and  Brix  (1978b). 

a.  GNP  deflator  applied;  values  are  in  1985  dollars  (Department  of  Commerce,  1985). 


Table  5.3 


Energy  production  and  incentives  by  energy  type  (1977) 


Energy 

type 

Annual 
incentives3 
(1974  $  x  109) 

Annual 

production 

(quads) 

Incentives* 
(S/106  Btu  = 
S/1.055  GJ/yr) 

Hydro 

1.5 

2.4 

0.63 

Coal 

6.1 

16.7 

0.37 

Oil 

21.3 

17.3 

1.23 

Gas 

—  0.07b 

20.60 

-0.003 

Nuclear 

3.4 

2.7 

1.26 

Total 

32.23 

59.7 

Average  incentive 

0.54 

Source:  Cone,  Brenchley,  and  Brix  (1978b). 

a.  GNP  deflator  applied;  values  are  in  1985  dollars  (Department  of  Commerce.  1985). 

b.  For  the  period  1955-1977  a  net  negative  incentive  results  from  an  increase  in  intrastate 
gas  prices  over  regulated  interstate  gas  prices. 
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5.1.3  The  Need  for  Incentives 

The  state  of  energy  technologies,  the  potential  benefits  of  solar,  and  the 
need  for  support  in  the  early  years  of  technological  and  commercial  de¬ 
velopment  made  solar  a  prime  candidate  for  incentives.  Many  arguments 
were  made  and  several  analyses  were  carried  out  to  support  the  value  of 
solar  technology  development  to  the  nation.  Some  of  the  more  prominent 
studies  include  Bennington  et  al.  (1976,  1979),  A  Domestic  Policy  Review 
of  Solar  Energy  (1978),  Lovins  (1977),  and  Council  on  Environmental 
Quality  (1978).  A  common  theme  of  all  these  studies  is  the  true  value 
of  solar  to  the  nation  in  the  long  run,  which  may  not  be  reflected  in  the 
relative  current  market  price  for  the  technology.  Incentives  are  then  re¬ 
quired  to  cause  the  national  value  of  solar  to  be  reflected  in  its  relative 
market  price. 

Just  as  with  conventional  energy  sources,  the  need  for  and  therefore 
the  magnitude  of  incentives  decrease  as  an  energy  source  matures  and  the 
technology  becomes  economically  viable.  This  philosophy  is  apparent  in 
the  structure  of  incentives  originally  adopted  for  solar:  heavy  initial  in¬ 
centives  in  RD&D,  financial  incentives,  and  institutional  programs  are 
phased  out  as  the  technology  matures  and  becomes  more  cost-effective. 
Ideally  producer  and  consumer  confidence  increases  as  the  technologies 
mature  and  become  more  familiar,  and  changes  are  made  in  the  federal, 
state,  and  local  legislation,  codes,  and  ordinances  to  remove  institutional 
barriers. 

In  the  following  sections  I  discuss  these  issues  in  more  detail.  I  describe 
the  types  of  incentives  (past,  current,  or  proposed)  applicable  to  conser¬ 
vation  and  solar  in  terms  of  the  specific  barriers  they  were  meant  to  over¬ 
come.  I  set  these  incentives  in  the  context  of  similar  incentives  provided 
for  conventional  energy  sources. 

5.2  Incentive  Taxonomy 

To  carry  out  their  historical  analysis  of  incentives  for  conventional  en¬ 
ergy  sources,  Cone,  Brenchley,  and  Brix  (1978a,b)  developed  a  taxonomy 
for  analytical  purposes.  This  taxonomy  has  been  widely  used  in  solar  in¬ 
centives  analysis.  It  facilitates  comparing  proposed  approaches  to  solar 
incentives  with  approaches  that  have  been  followed  by  the  federal  gov¬ 
ernment  in  the  past. 
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The  incentives  taxonomy  includes  seven  groups.  The  category  of 
“fees”  was  not  included  because  it  is  used  so  little.  A  short  summary  of 
each  of  the  categories  follows.  The  incentive  cat^ories  are  creation  or 
prohibition  of  organizations,  taxation,  disbursements,  requirements, 
traditional  government  services,  nontraditional  government  services,  and 
market  activity. 

The  creation  or  prohibition  of  organizations  includes  government  ac¬ 
tion  in  the  creation  or  prohibition  of  organizations  that  perform  or  carry 
out  some  of  the  remaining  types  of  actions.  The  government  can  create  or 
prohibit  organizations  in  federal,  other  governmental  (for  example, 
state),  and  nongovernmental  (for  example,  cartels)  areas.  The  creation  of 
the  Synthetic  Fuels  Corporation  to  provide  subsidies  for  synthetic  fuels  is 
an  example  of  this  type  of  governmental  action.  The  creation  of  the  Solar 
Energy  Research  Institute  (SERI)  and  the  now  defunct  Regional  Solar 
Energy  Centers  (RSECs)  represent  solar  examples  of  this  incentive  type. 

Taxation  includes  the  levying  of  a  tax  or  the  exemption  or  reduction  of 
one  that  is  levied  in  other  situations.  These  taxes  may  be  levied  within  or 
outside  the  production-consumption  cycle.  The  solar  tax  credits  provided 
by  the  National  Energy  Act  are  an  example  of  this  type  of  incentive. 

Disbursements  include  actions  in  which  the  federal  government  gives 
out  money  without  receiving  anything  in  return  directly  or  immediately, 
such  as  grants  in  aid  and  subsidies.  This  category  includes  promises  to 
disburse  under  certain  circumstances  as  well  as  actual  disbursements.  For 
example,  funds  provided  by  the  Solar  Energy  and  Energy  Conservation 
Bank  to  financial  institutions  to  reduce  the  principal  obligation  or  the  in¬ 
terest  rate  on  financing  of  solar  or  conservation  expenditures  are  included 
in  this  category.  Grants  provided  under  the  solar  hot  water  program  are 
also  included. 

Requirements  include  government  demands  that  are  backed  by  crimi¬ 
nal  or  civil  sanctions.  The  requirement  imposed  may  be  judicial,  legisla¬ 
tive,  or  administrative.  The  requirement  imposed  by  the  Powerplant  and 
Industrial  fuel  Use  Act  on  major  fuel-burning  installations  to  reduce  or 
eliminate  their  use  of  natural  gas  and  petroleum  is  an  exampje  of  this  type 
of  incentive. 

Traditional  government  services  include  all  the  symbolic  or  tangible 
goods  or  services  that  are  traditional  to  government  and  provided  to  non¬ 
governmental  organizations.  This  category  encompasses  assistance  or 
benefits  provided  by  the  government  to  a  nongovernmental  entity 
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without  direct  charge.  The  supervision  by  the  Office  of  Management  and 
Budget  of  government  spending  on  solar  energy  is  included  in  this  cate¬ 
gory.  Various  educational  programs,  such  as  the  Energy  Extension  Ser¬ 
vice,  would  also  be  included  in  this  category,  as  would  data  collection 
and  dissemination  (for  example,  solar  resource  data). 

The  government  also  provides  nontraditional  services  in  addition  to 
providing  symbolic  or  tangible  goods  and  services  traditional  to  govern¬ 
ment.  Funds  provided  by  the -government  for  solar  RD&D  technology 
are  an  example  of  this  type  of  incentive  in  that  the  government  has 
assumed  industry’s  risk  for  the  front-end  development  of  technology, 
which  will  primarily  benefit  industry.  RD&D  for  a  technology  to  be  con¬ 
sumed  by  the  federal  government  (for  example,  space  and  military  appli¬ 
cations)  would  be  considered  traditional  government  services. 

Market  activity  includes  government  involvement  in  a  market  under 
conditions  similar  to  those  faced  by  nongovernmental  producers  and  con¬ 
sumers.  Loan  guarantees  for  ocean  thermal  energy  conversion  facilities 
provided  under  the  Maritime  Administration  are  included  in  this  cate¬ 
gory.  Federal  purchase  of  solar  technology  for  use  by  government  would 
also  fall  in  this  category  (for  example,  the  Schools  and  Hospitals  Program 
and  the  Solar  Energy  in  Government  Buildings  Program). 

5.3  Solar  Incentives 

Because  of  the  diversity  in  the  nature  and  uses  of  solar  energy,  the  types 
of  incentives  cover  a  broad  range.  The  major  differences  between  tech¬ 
nologies  and  in  the  financial  and  tax  characteristics  of  prospective  users 
indicate  different  incentive  policies. 

5.3.1  Technology  and  Application  Categories 

Potentially,  over  thirty-five  solar  technology  and  application  categories 
exist;  however,  nineteen  of  these  categories  in  three  market  sectors  are 
sufficient  for  differentiation  (Spewak  and  Bohannan,  1981): 

1.  Residential:  passive,  active  hot  water,  active  space,  wind,  photovol- 
taics,  wood 

2.  Industrial/Commercial:  process  heat,  wood,  wind,  photovoltaics, 
active,  passive 
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3.  Utilities:  solar  thermal,  OTEC,  wind,  photovoltaics,  wood  and  bio¬ 
mass,  current  fuels  technology  (fuels  1),  new  fuels  technology  (fuels  2) 

Certain  special  cases  are  not  explicitly  treated  by  these  categories.  In¬ 
stitutional  and  governmental  markets  (for  example,  schools,  hospitals, 
federal,  state,  and  local  government-owned  buildings,  Federal  Power 
Administrations,  municipal  utilities,  co-ops,  and  community-owned  en¬ 
ergy  systems)  are  not  specifically  listed.  In  many  instances  these  special 
cases  represent  potential  federal  subsidy  mechanisms,  in  that  market'de- 
velopment  may  be  stimulated  through  programmed  purchases  for  these 
applications.  These  special  cases  may  represent  a  significant  end-use 
market  in  and  of  themselves.  In  such  cases  they  may  be  addressed  as  a 
special  case  of  one  of  the  listed  technology  and  application  categories  (for 
example,  municipal  utility  and  solar  thermal  applications).  In  addition,  a 
special  market  may  be  integral  to  a  federal  support  activity,  in  which  case 
it  is  addressed  as  a  federal  incentive  aimed  at  accelerating  market  de¬ 
velopment  in  one  of  the  listed  technology  and  application  categories  (for 
example,  federal  purchases  under  the  Federal  Buildings  Program). 

5.3.2  Identifying  and  Setting  Priorities  for  Barriers 

Incentives  are  necessary  to  remove  the  barriers  that  impede  solar  technol¬ 
ogy  development  and  full  commercialization.  To  understand  the  purpose 
of  specific  incentives,  we  need  to  identify  and  understand  the  relative  im¬ 
portance  of  the  barriers. 

Tables  5.4  through  5.7  summarize  the  barriers  that  impede  technology 
development  and  utilization  in  each  of  the  four  market  sectors:  residen¬ 
tial,  industrial,  utility,  and  transportation.  Four  types  of  barrier  are  con¬ 
sidered:  technological,  economic  and  financial,  institutional,  and  buyer 
behavior.  The  barriers  have  been  accorded  relative  weights  on  a  simple 
high  (H),  medium  (M),  and  low  (L)  scale  to  reflect  the  relative  impor¬ 
tance  of  each  barrier  as  an  impediment.  The  barriers  were  derived  from 
data  on  the  primary  concerns  of  decision  makers  who  affect  technology 
utilization  in  each  of  the  market  sectors.  Barrier  types,  in  many  cases,  are 
interrelated.  For  example,  by  treating  the  economic  and  financial  barrier 
of  high  initial  cost,  the  buyer  behavior  barriers  of  “first-cost  orientation" 
and  "high  inferred  discount  rate”  may  be  positively  affected.  Similarly,  if 
through  federal  actions  the  consumers’  “first-cost  orientation”  could  be 
modified,  the  high  initial  cost  would  be  less  critical. 


Table  5.4 

Barriers  to  solar  technology  implementation  in  the  residential  market  sector 

Technology2 

Active  Active  space  Photo- 

Barrier  Passive  hot  water  conditioning  Wind  voltaics  Wood 
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Table  5.5 

Barriers  to  solar  technology  implementation  in  the  industrial/commercial  market  sector 

Technology3 

Barrier  Process  heat  Wood  Wind  Photovoltaics  Active  Passive 
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Lack  of  skilled  labor 
Lack  of  standards 
Insurance  guidelines 
Solar  access 
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Table  5.6 

Barriers  to  solar  technology  implementation  in  the  utility  market  sector 

Technology3 

Barrier  Solar  thermal  OTEC  Wind  Photovoltaics  Wood/biomass 
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Table  5.7 


Barriers  to  solar  technology  implementation  in  the  transportation  market  sector 


Barrier 

Technology* 

Fuels  Ib 

Fuels  2C 

Technological 

Energy  balance 

L 

M 

Reliability  and  maintenance 

L 

H 

Environmental 

M 

M 

Supply/resource  constraints 

M 

M 

Engineering  capability 

L 

L 

Production/output  capacity 

M 

H 

Lack  of  operating  data 

L 

H 

Economic/financial 

Uncertainty  over  future  fuel  prices 

L 

M 

Uncertainty  over  future  feedstock  prices 

M 

L 

Conventional  energy  subsidies 

M 

M 

High  initial  cost 

M 

M 

Availability  of  financing 

L 

M 

Construction  delays 

M 

M 

Institutional 

Compatibility  with  existing  distribution  networks 

M 

M 

Availability  of  gasoline  for  blends 
- - - — - \ - 

M 

M 

Source:  Spewak  and  Bohannon  (1981). 

a.  Importance  of  barrier:  L  =  low,  M  =  medium,  H  =  high. 

b.  Fuels  1  includes  current  commercial  processes. 

c.  Fuels  2  includes  processes  currently  being  refined  such  as  acid  hydrolysis  and  en/vmatic 
hydrolysis. 


The  difference  between  real  and  "perceived'  problems  or  issues  re¬ 
sulting  in  the  various  types  of  barriers  is  important.  Because  of  this  differ¬ 
ence,  it  may  not  be  sufficient  to  treat  a  real  barrier,  such  as  high  initial 
cost,  and  assume  that  the  related  buyer  behavior  barriers  will  take  care  of 
themselves.  A  good  example  is  the  early  experiences  related  to  the  federal 
solar  tax  credits.  Although  the  tax  credits  and  hot  water  grants  signifi¬ 
cantly  reduced  the  first  consumer  cost  of  solar  water  heaters,  as  late  as 
spring  1980  most  consumers  were  unaware  of  the  programs  or  did  not  un¬ 
derstand  the  possible  impacts  on  system  cost.  In  a  national  survey  con¬ 
ducted  during  February  and  March  of  1980,  over  half  of  the  existing 
homeowners  surveyed  (53.4%)  were  unaware  of  any  government  incen¬ 
tives  (Lilien  and  Johnston,  1980).  Of  those  aware  of  the  incentives,  only 
21%  correctly  identified  the  incentive  as  a  tax  rebate,  and  of  those  only 
20.3%  gave  a  reasonable  estimate  of  the  size  of  the  rebate.  Thus,  of  the 
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Table  5.8 

Summary  of  most  important  barriers  to  solar  technology 


Barrier 

Technology 

Technological 

Economic/fmancial 

Institutional 

Buyer  behavior 

Residential 

Passive 

L 

M 

M 

H 

Active  hot  water 

M 

M 

F 

H 

Active  space 

M 

M 

M 

H 

Wind 

M 

M  ' 

H 

H 

Photovoltaics 

H 

H 

H 

H 

Wood 

F 

L 

F 

F 

Industrial 

commercial 

Process  heat 

M 

H 

M 

H 

Wood 

L 

L 

L 

L 

Wind 

M 

H 

M 

H 

Photovoltaics 

H 

H 

H 

H 

Active 

M 

M 

M 

M 

Utilities 

Passive 

F 

M 

M 

M 

Solar  thermal 

M 

H 

L 

M 

OTEC 

M 

M 

F 

M 

Wind 

M 

H 

F 

M 

Transportation 

Photovoltaics 

M 

H 

F 

M 

Wood/biomass 

F 

F 

L 

L 

Fuels  1 

F 

F 

M 

— 

Fuels  2 

M 

M 

M 

— 

Source:  Spewak  and  Bohannon  (1981). 

a.  Importance  of  barriers:  L  =  low,  M  =  medium,  H  =  high,  —  =  not  applicable. 


homeowners  surveyed  nationally,  only  about  2%  were  adequately  in¬ 
formed  about  solar  tax  credits  (the  sample  size  was  880).  In  a  sample  of 
744  new-home  buyers  about  4%  were  adequately  informed. 

The  experience  related  to  the  federal  tax  credits  indicates  a  need  to 
treat  the  different  types  of  barriers  separately  even  though  they  are  inter¬ 
related.  A  program  that  effectively  lowers  the  initial  cost  of  a  solar 
system,  such  as  the  federal  tax  credits,  will  have  little  impact  unless  it  is 
complemented  with  another  program  that  makes  the  cost  reductions 
known  to  potential  consumers,  thereby  reducing  the  first  cost  of  orienta¬ 
tion  barrier. 

Table  5.8  summarizes  the  information  in  tables  5.4  through  5.7.  This 
summary  provides  insight  into  the  most  important  barriers  by  technology 
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in  each  market  sector.  Each  type  of  incentive  aids  in  removing  one  or 
more  of  the  barriers  to  technology  development  and  full  commercializa¬ 
tion.  A  summary  of  this  “coverage”  of  barriers  is  presented  by  incentive 
category  in  table  5.9. 

5.3.3  Scheduling  Incentives 

Scheduling  incentives  is  a  case-specific  activity  based  on  the  facts  of  each 
situation.  Although  it  would  be  nice  to  be  able  to  generalize  from  past  ex¬ 
perience,  it  is  impractical  for  two  reasons.  First,  the  needs  differ  depend¬ 
ing  on  the  technology  to  which  the  incentives  are  applied.  The  level  of 
RD&D  funds  applied  to  date  may  vary  considerably  from  technology  to 
technology.  In  addition,  the  comparative  economics  of  solar  technologies 
versus  conventional  technologies  may  be  more  or  less  disparate  depend¬ 
ing  on  the  solar  technology  considered.  Finally,  the  private  sector  par¬ 
ticipation  varies  widely,  depending  on  the  perceived  commercialization 
potential  of  a  particular  solar  technology.  The  second  reason  is  that  the 
sociopolitical  climate  may  vary  significantly  from  year  to  year,  resulting 
in  differing  perspectives  and  rationales  for  energy  incentives.  Incentives 
for  nonsolar  energy  technologies  may  hav^  been  put  into  place  for  rea¬ 
sons  that  may  not  have  applied  when  solar  incentives  were  formulated. 
Therefore  it  may  be  necessary  to  consider  the  causes  of  government  action 
when  determining  why  incentives  for  other  technologies  were  implemented. 
The  causes  for  government  action  fall  into  four  general  categories: 

1.  Economic.  The  federal  government  acts  because  it  wants  to  effect  a 
change  in  market  outcome,  such  as  the  relationship  between  production 
and  price  or  between  consumption  and  price. 

2.  Political.  Action  occurs  as  a  result  of  bargaining  between  individuals, 
groups,  and  organizational  participants,  each  of  whom  is  seeking  an  in¬ 
dependent  goal.  Successful  participants  include  those  with  a  high  inten¬ 
sity  of  performance  and  high  political  power. 

3.  Organizational.  The  government  acts  by  responding  to  decision  prob¬ 
lems  created  by  external  events  or  by  the  actions  of  nongovernment 
organizations. 

4.  Legal.  The  government  acts  because  a  body  with  authority  to  make  a 
law  does  so  in  response  to  parties  appearing  before  it.  Interested  parties 
have  requested  an  authoritative  body  to  clarify  an  issue  or  declare  a 
change. 
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Source:  Spewak  and  Bohannon  (1981). 
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Early  phase  Growth  phase  Maturity 

- - +» 


Idealized  application  of  incentives  (Spewak  and  Bohannon.  1981). 


The  difficulties  in  generalizing  from  past  experience  in  applying  incen¬ 
tives  can  be  easily  illustrated.  Figure  5.1  illustrates  the  ideal  application 
of  incentives  during  the  development  of  a  particular  technology.  During 
the  early  phases  of  technology  development,  nontraditional  services,  such 
as  funds  tor  basic  and  applied  RD&D.  would  play  a  primary  role.  During 
a  technology  s  growth  phase  a  different  type  of  incentive  is  needed  to 
overcome  private  sector  perceptions  of  commercialization  potential  or  to 
provide  comparative  cost-etfectiveness.  Such  government  actions  as  loan 
guarantees  (market  activity),  tax  credits  (taxation),  grants  in  aid,  and 
subsidies  (disbursements)  predominate  at  this  stage.  Once  the  technology 
has  reached  full  commercialization  potential,  private  sector  market  forces 
can  be  expected  to  dominate.  Traditional  government  services  and  re¬ 
quirements  are  all  that  may  be  needed  or  expected  during  this  mature 
phase.  However,  as  illustrated  in  figures  5.2  and  5.3,  applying  incentives 
to  energy  technologies  does  not  necessarily  depend  on  an  ideal  standard 
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Year 


Figure  5.2 

Coal  incentives  (Cone  et  al.,  1978a, b). 


but  may  be  applied  in  response  to  economic,  political,  organizational,  or 
legal  pressures. 

Figure  5.2  presents  the  principal  coal  incentives  and  their  magnitude 
over  time  in  1985  dollars.  Coal  was  the  most  important  fuel  in  the  United 
States  until  the  end  of  World  War  II.  The  loss  of  two  markets,  steam  loco¬ 
motives  and  space  heating,  caused  a  decline  in  the  industry.  In  the  1970s 
RD&D  in  alternative  uses  of  coal  (nontraditional  services)  and  regulation 
and  monitoring  of  environmental  aspects  (requirements)  resulted  in  in¬ 
creased  incentives  despite  decreasing  production. 

Figure  5.3  illustrates  federal  incentives  to  hydroelectric  energy  produc¬ 
tion.  The  incentives  consist  primarily  of  market  activity  (buying  and  sell¬ 
ing  electricity)  and  taxation  (tax-free  bonds).  A  minor  share  of  the  total 
cost  of  incentives  to  hydroelectric  energy  consists  of  requirements. 
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Requirements 


Figure  5.3 

Hydro  incentives  (Cone  et  al.,  1978a,b). 


When  solar  incentives  were  first  designed,  the  timing  of  incentives  to  be 
applied  to  solar  technologies  was  determined  by  considering  technology 
development  schedules,  comparative  cost  “crossovers,”  expected  market 
potential  through  time,  and  the  economic,  political,  organizational,  and 
legal  environments  in  which  the  incentives  would  be  structured. 

Technology  development  schedules  were  based  on  the  timetables  for 
the  federally  funded  RD&D  programs  and  private  industry  activity  in 
bringing  the  technology  to  the  marketplace.  Comparative  cost  crossovers 
are  the  projected  points  in  time  where  the  levetized  cost  ($  106  Btu  or 
0/kWh)  of  a  solar  technology  becomes  equal  to  or  less  than  the  levelized 
cost  of  a  targeted  conventional  energy  source.  This  crossover  can  be  di¬ 
rectly  related  to  the  RD&D  schedule,  the  effects  of  volume  production 
on  cost  (economies  of  scale  and  learning  curve  impacts),  and  the  direct 
effects  of  incentives.  Ideally  it  was  hoped  that  through  RD&D  costs 
could  be  decreased  to  a  level  at  which  the  technology  could  be  marketed 
with  the  aid  of  financial  incentives,  which  could  temporarily  lower  the 
cost  of  the  energy  produced  on  an  artificial  basis.  It  was  thought  that, 
as  the  demand  for  the  technology  increased,  the  volume  of  the  market 
would  bring  the  cost  of  the  technology  down.  As  the  cost  of  the  technol¬ 
ogy  decreased,  the  financial  incentives  could  be  removed.  The  final  result 
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would  be  that  an  adequate  market  would  be  established  to  support  a  ma¬ 
ture  industry  without  financial  incentives.  This  is  why  market  potential 
through  time  was  an  important  aspect  in  the  design  of  solar  incentives. 

The  economic,  political,  organizational,  and  legal  environments  played 
key  roles  in  defining  the  incentives  as  they  were  established.  Equity,  total 
national  value,  and  energy  independence  defined  the  real  or  perceived 
need  for  solar  incentives.  These  forces  provided  the  impetus  to  write  and 
enact  legislation  mandating  solar  incentives.  These  forces  were  also  in¬ 
strumental  in  the  demise  of  solar  incentives  in  the  first  half  of  the  1980s. 
Supply-side  economics  provided  an  alternative  to  demand-oriented  resi¬ 
dential  tax  credits.  Fiscal  conservatism  resulted  in  a  reduced  government 
role  in  technology  development.  And  probably  most  important  of  all,  de¬ 
creased  energy  prices  brought  on  by  an  overabundance  of  oil  lessened  the 
immediacy  of  economic  and  national  security  arguments  for  alternative 
energy  sources. 

5.3.4  The  Level  of  Incentives 

The  degree  of  federal  commitment  to  incentives  depends  on  several  fac¬ 
tors  previously  discussed  and  analyzed.  The  level  of  incentives  for  a  par¬ 
ticular  technology  depends  on  technology  development  requirements,  the 
level  of  federal  support  and  commitment,  market  response  and  expected 
market  potential  through  time,  and  the  underlying  causes  for  government 
action.  Table  5.10  summarizes  the  characteristics  that  affect  the  level  of 
incentive  type. 

5.3.5  Regional  Aspects  of  Incentives 

Certain  incentives  require  uniformity  across  the  nation  to  hold  down  ad¬ 
ministrative  costs  or  prevent  “inefficient”  competition.  However,  in  some 
cases,  varying  the  level  of  support,  type  of  support,  and  time  phasing  of 
support  may  be  indicated.  These  variations  result  from  regional  vari¬ 
ations  in  comparative  solar  and  conventional  cost  and  performance. 
They  may  also  result  from  regional  differences  in  attitudes  and  market 
and  infrastructure  environments. 

Regional  variations  in  the  barriers  to  solar  energy  must  be  taken  into 
account  when  assessing  an  incentive’s  effectiveness,  application,  and  im¬ 
plementation.  Otherwise  windfall  gains  will  result  in  regions  where  barriers 
are  low,  and  little  impact  will  be  felt  where  barriers  are  high.  For  example, 
an  incentive  program  in  the  Southwest  (a  region  characterized  by  summer 


Table  5.10 

Characteristics  that  affect  the  level  of  incentive  type 

Incentive 
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peaking  utilities,  rapid  growth,  state  laws  already  enacted  to  spur  solar 
development,  a  healthy  construction  industry,  active  capital  markets, 
high  insolation,  and  high  dependence  on  natural  gas)  may  differ  substan¬ 
tially  from  one  designed  to  overcome  the  Northeast  region’s  current  bar¬ 
riers  (a  region  characterized  by  winter  peaking  utilities,  dependence  on 
oil  and  coal,  comparatively  slow  economic  growth,  lower  insolation,  and 
relatively  stagnant  capital  markets). 

Many  barriers  are  specific  to  the  jurisdictions  themselves.  For  example, 
restrictive  utility  commission  policies,  building  codes,  land-use  require¬ 
ments,  property  taxes,  and  labor  union  jurisdiction  problems  differ 
widely  in  their  degree  of  complexity  and  possible  constraints  on  solar 
energy  development.  The  framework  should  be  capable  of  adjusting  to 
these  particular  local  conditions.  A  second  reason  for  regional  flexibility 
is  that  some  states  and  regions  have  acted  on  their  own  to  provide  incen¬ 
tives  to  encourage  solar  energy.  It  is  important  that  federal  incentives 
complement  rather  than  substitute  for  the  incentives  already  enacted.  In 
addition,  because  the  cost  of  conventional  fuel  and  the  degree  of  insola¬ 
tion  differ  widely  by  region,  the  size  of  the  subsidy  necessary  to  achieve  a 
given  market  penetration  is  a  strong  function  of  the  regional  character¬ 
istics.  Incentives  must  also  be  compatible  with  the  highly  regional  char¬ 
acteristics  of  the  construction  industry. 

5.4  Solar  Incentives  to  Date 

The  oil  embargo  of  1973  stimulated  concern  over  energy  supplies.  The 
opportunities  and  advantages  of  solar  energy  were  considered  as  U.S. 
policymakers  sought  energy  self-sufficiency.  This  resulted  in  the  creation 
of  federal  incentives  to  increase  the  national  use  of  solar  energy.  These  in¬ 
centives  are  discussed  in  what  follows. 

From  1973  to  1984  the  federal  government  committed  $6.6  billion  (in 
current  dollars),  through  expenditures  or  foregone  revenues,  to  solar  en¬ 
ergy  development.  The  incentive  programs  designed  to  remove  the  tech¬ 
nical  barriers  and  influence  buyer  behavior  achieved  the  most  attention. 
Incentives  aimed  at  reducing  the  high  initial  cost  of  solar  systems  have 
received  increased  attention  in  recent  years. 

Table  5.11  summarizes  the  incentives  for  solar  to  date.  The  first  cate¬ 
gory,  creation  of  organizations,  comprises  the  budget  for  SERI  and  the 
RSECs.  The  RSECs  stopped  receiving  federal  funds  in  1982.  Market  ac- 
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Table  5.11 

Incentives  for  solar  to  date  (1984  $  x  10) 


Year 


Incentive  category 

1974-1978  1979 

Creation  of  organizations 

10 

36 

Market  activity 

262 

66 

Nontraditional  services 

1652 

636 

Disbursements 

0 

7 

Taxation 

57 

66 

Total 

1981 

811 

1980 

1981 

1982 

1983 

1984 

Total 

60 

56 

24 

18 

16 

220 

55 

89 

24 

0 

0 

496 

682 

655 

271 

211 

187 

4294 

0 

0 

0 

0 

0 

7 

128 

229 

269 

363 

468 

1580 

925 

1029 

588 

592 

671 

6597 

Sources:  The  Budget  of  the  United  States  (1979-1985);  IRS  Statistics  of  Income 
(1979-1984);  The  Solar  &  Conservation  Fact  Book  (1980);  Sonia  Conley,  IRS  Bureau  of 
Statistics. 


tivity,  the  second  category,  comprises  the  Solar  Federal  Building  Program, 
the  Federal  Photovoltaics  Utilization  Program,  market  development  ac¬ 
tivities,  training,  and  international  trade  development  activities.  It  also 
includes  the  Solar  Energy  and  Conservation  Bank.  Nontraditional  activ¬ 
ities  include  the  RD&D  programs  initially  funded  by  the  National  Science 
Foundation  (NSF),  then  by  the  Energy  Research  and  Development  Ad¬ 
ministration  (ERDA),  and  finally  by  the  U.S.  Department  of  Energy 
(DOE).  The  only  true  disbursements  offered  as  solar  incentives  were  the 
HUD  solar  hot  water  grants  offered  in  1979.  The  incentives  in  the  taxa¬ 
tion  category  include  the  residential  tax  credit  for  solar  (active  solar  heat¬ 
ing,  cooling,  and  hot  water;  wind;  and  photovoltaics),  and  the  investment 
tax  credit  (solar  thermal  and  wind  applications  for  commercial  and  in¬ 
dustrial  users). 

5.4. 1  Solar  Incentive  Experience 

Numerous  federal  actions  have  affected  the  development  and  commer¬ 
cialization  of  solar  technologies.  In  addition,  other  federal  actions  were 
considered  but  not  adopted.  These  federal  actions  are  summarized  by 
incentive  category  for  the  residential,  industrial  and  commercial,  and 
utilities  market  sectors  in  tables  5.12  through  5.17.  Table  5.18  gives  in¬ 
formation  on  solar  energy  savings  versus  federal  incentives.  Let  us  now 
look  at  some  of  the  major  incentives  in  each  incentive  category. 

The  primary  examples  of  organizations  created  on  behalf  of  solar  and 
conservation  are  SERI,  the  RSECs,  the  Energy  Extension  Service  (EES), 
the  Synthetic  Fuels  Corporation,  the  National  Solar  Heating  and  Cool- 
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Table  5.12 

Federal  actions  by  incentive  category  in  the  residential  market  sector 
Incentive  category  Federal  action 


Creation  or  prohibition  of  organizations 

Taxation 

Disbursements 

Requirements 


Traditional  government  services 
Nontraditional  government  services 


Market  activity 


Energy  extension  services 
Residential  tax  credit 
Solar  hot  water  grants 
Residential  conservation  service 
Standards 

Building  information 

Performance  standards 

Solar  program  administration 

Active  systems  development 

Passive  systems  development 

Photovoltaic  systems  development 

Wind  energy  systems  development 

Residential  demonstration  program 

Photovoltaic  demonstration  program 

Active  solar  information  dissemination 

Passive  solar  information  dissemination 

Residential  wood  information  dissemination 

Active  and  passive  design  method  development 

Resource  data  collection,  maintenance, 

and  dissemination 

Commercialization  planning 

Market  analysis 

Federal  Buildings  Program 

Overseas  marketing  assistance 

Solar  Energy  and  Conservation  Bank 


Source:  Spewak  and  Bohannon  (1981). 


ing  Information  Center,  and  the  Interagency  Panel  on  Terrestrial  Appli¬ 
cations  of  Solar  Energy  (IPTASE).  Those  organizations  that  are  not 
specific  to  a  market  sector  include  SERI,  the  RSECs,  the  National  Solar 
Pleating  and  Cooling  Information  Center,  and  IPTASE.  SERI  was  auth¬ 
orized  under  public  law  in  1974  and  became  the  center  of  solar  technical, 
economic,  and  policy  research  in  the  United  States.  The  RSECs  were 
established  in  response  to  the  need  for  regional  centers  of  research  and 
information  outreach.  The  Energy  Extension  Service  was  established  to 
provide  technical  information  outreach  through  the  state  governments  in 
much  the  same  manner  that  the  Agricultural  Extension  Service  provides 
information  through  state  land  grant  colleges  and  through  state  agricul¬ 
tural  schools  and  organizations.  The  National  Solar  Heating  and  Cooling 
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Table  5.13 

Proposed  federal  actions  by  incentive  category  in  the  residential  market  sector  (not  adopted) 


Incentive  category 

Federal  action  » 

Creation  or  prohibition  of  organizations 

None 

Taxation 

Passive  tax  credits 

Tax  deductions 

Tax  incentives  for  resale 

Disbursements 

Passive  design  awards 

Requirements 

Consumer  protection  guidelines 

Traditional  government  services 

None 

Nontraditional  government  services 

Residential  woodlot  demonstrations 

Market  activity 

Interaction  with  developers 

Producer  loans 

Priority  treatment  for  solar  in  government- 
supported  or  insured  mortgages,  community 
development  block  grands.  Small  Business 
Administration  loans.  Federal  Photovoltaics 
Utilization  Program 

Table  5.14 

Federal  actions  by  incentive  category  in  the  industrial  commercial  market  sector 

Incentive  category 

Federal  action 

Creation  or  prohibition  of  organizations 

None 

Taxation 

Investment  tax  credit 

Alternative  fuels  production  credit 

Excise  tax  exemption 

Disbursements 

Schools  and  Hospitals  Program 

Requirements 

Public  Utility  Regulatory  Policies  Act 
Powerplant  and  Industrial  Fuel  Use  Act 
Standards 

Buildings  Energy  Performance  Standards 

Traditional  government  services 

None 

Nontraditional  government  services 

Technology  research,  development,  and 
demonstration 

Technology  information  dissemination 
Engineering,  financial,  and  scientific 
consultation 

Market  activity 

None 
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Table  5.15 

Proposed  federal  actions  by  incentive  category  in  the  industrial/commercial  market  sector 
(not  adopted) 


Incentive  category 

Federal  action 

Creation  or  prohibition  of  organizations 

Industrial  Energy  Productivity  Corporation 

Taxation 

Accelerated  depreciation 

Removal  of  tax  credits  for  conventional  fuels 

Disbursements 

None 

Requirements 

Broker  environmental  nonattainment 
exemptions 

Generic  environmental  impact  statement 
Expediting  licensing,  permitting,  and  zoning 

Traditional  government  services 

None 

Nontraditional  government  services 

Industrial  wood  supply  demonstrations 
Economic  demonstrations 

Market  activity 

Federal  Site  Bank 

Use  of  federal  lands 

Supply  side  loans  and  loan  guarantees 

Priority  treatment  for  solar  in  Small  Business 
Administration  loans 

Table  5.16 

Federal  actions  by  incentive  category  in  the  utilities  market  sector 

Incentive  category 

Federal  action 

Creation  or  prohibition  of  organizations 

None 

Taxation 

Investment  tax  credit 

Disbursements 

None 

Requirements 

Residential  Conservation  Service 

Powerplant  and  Industrial  Fuel  Use  Act 

Public  Utility  Regulatory  Policies  Act 

Traditional  government  services 

Use  of  solar  by  power  marketing  authorities 

Nontraditional  government  services 

Technology  research,  development,  and 
demonstration 

Technology  information  dissemination 
Engineering,  financial,  and  scientific 
consultation 

Market  activity 

None 
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Table  5.17 

Proposed  federal  actions  by  incentive  category  in  the  utilities  market  sector  (not  adopted) 


Incentive  category 

Federal  action  * 

Creation  or  prohibition  of  organizations 

Offshore  Power  Authority 

Solar  Power  Marketing  Authorities 

Federal  Financing  or  Leasing  Corporation 

Taxation 

Accelerated  depreciation 

Removal  of  tax  deductions  for  conventional 
fuels 

Disbursements 

None 

Requirements 

Mandating  marginal  cost  pricing 

Broker  environmental  nonattainment 
exemptions 

Generic  environmental  impact  statement 
Expediting  licensing  and  permitting 

Traditional  government  services 

None 

Nontraditional  government  services 

None 

Market  activity 

Federal  Site  Bank 

Use  of  federal  lands 

Supply  side  loans 

Loan  guarantees  for  ocean  thermal  energy 
conversion 

Table  5.18 

Solar  energy  savings  versus  federal  incentives 


Saving  or  incentive 

1980 

1981 

1982 

1983 

1984 

1985 

Solar  energy  savings 

(1012  Btu/yr) 

Low-temperature  plate 

39.5 

48.2 

55.7 

60.6 

62.6 

64.6 

Med-temperature  plate 

43.5 

66.5 

88.7 

112.7 

138.7 

164.7 

Photovoltaics 

0.0 

0.0 

0.0 

0.4 

0.8 

1.3 

Wind 

0.0 

0.0 

0.0 

0.0 

0.3 

0.5 

Biomass 

1500.0 

1500.0 

1500.0 

1500.0 

1500.0 

1500.0 

Total 

1583.0 

1614.7 

1644.4 

1673.7 

1702.4 

1731.1 

Solar  energy  incentives 

(1985  $  x  106) 

Annual 

924 

1028 

588 

591 

671 

N/A 

Cumulative 

3714 

4742 

5330 

5921 

6594 

N/A 

Federal  cost  per  106  Btu/yr 

(106  Btu  =  1.055  GJ) 

Annual 

0.58 

0.64 

0.36 

0.35 

0.39 

N/A 

Cumulative 

2.35 

2.94 

3.24 

3.54 

3.87 

N  A 
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Information  Center  was  established  to  provide  general  information  about 
solar  heating  and  cooling.  IPTASE  was  established  to  provide  a  federal 
interagency  forum  for  identifying  research  and  policy  priorities  associated 
with  solar. 

The  primary  examples  of  taxation  are  the  residential  tax  credits,  the  in¬ 
vestment  tax  credit  (ITC),  the  alternative  fuels  production  credit,  and  the 
excise  tax  exemption.  The  residential  tax  credit,  originally  established 
as  30%  of  the  first  $2,000  and  20%  thereafter  for  a  maximum  of  $2,200, 
was  replaced  by  a  straight  40%  tax  credit  (maximum  of  $4,000)  in  1980 
(through  1985).  Residential  conservation  is  eligible  for  a  15%  tax  credit 
(maximum  of  $300).  The  investment  tax  credit,  which  applies  to  commer¬ 
cial  and  industrial  users  of  solar,  wind,  and  geothermal,  was  increased  in 
1980  from  10%  to  15%  (through  1985).  An  11%  ITC  applies  to  small- 
scale  hydroelectric,  and  a  10%  ITC  applies  to  nongas  or  oil  cogeneration 
and  for  certain  gasohol  and  biomass  equipment. 

The  primary  disbursement  incentives  are  the  solar  hot  water  (SHW) 
grants  and  the  Schools  and  Hospitals  Program.  Under  both  of  these  pro¬ 
grams  the  federal  government  provided  users  with  grants  to  install  solar 
systems.  The  SHW  grants,  sponsored  by  HUD,  offered  approximately 
11,000  grants  of  $400.  The  grants,  which  were  administered  by  the  states 
involved,  were  established  to  give  momentum  to  the  solar  industry.  Be¬ 
cause  of  a  lack  of  publicity  and  problems  encountered  in  certifying  sys¬ 
tems,  many  grants  were  unclaimed.  In  New  England  only  1,362  of  the 
allocated  8,117  grants  were  used.  The  Schools  and  Hospitals  Program, 
also  administered  through  the  states,  achieved  moderate  success  in  install¬ 
ing  several  large-scale  systems. 

Included  in  the  requirements  are  the  Residential  Conservation  Service 
(RCS),  Solar  Standards,  Building  Energy  Performance  Standards 
(BEPS),  the  Public  Utility  Regulatory  Policies  Act  (PURPA),  and  the 
Powerplant  and  Industrial  Fuels  Use  Act  (PIFUA).  The  RCS  required 
public  utilities  to  provide  energy  audit  and  conservation  consulting  to 
their  residential  customers.  The  standards  activity  associated  with  solar 
were  voluntary  consensus  standards  developed  through  industry  particip¬ 
ation.  Interim  standards  were,  however,  produced  by  the  National 
Bureau  of  Standards  (NBS)  and  were  used  in  the  qualification  of  systems 
for  federal  programs.  PURPA  required  utilities  to  establish  provisions 
for  buying  power  back  from  their  customers  to  enhance  the  economics  of 
alternative  power  producers  that  generated  excess  power  (wind,  photo- 
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voltaics,  low  head  hydro,  cogeneration).  PIFUA  requires  major  fuel¬ 
burning  installations  to  reduce  or  eliminate  their  use  of  natural  gas  or 
petroleum.  Major  fuel-burning  installations  include  all  industrial  burners 
greater  than  108  Btuh  (30  MWt)  or  industrial  sites  using  several  boilers 
between  50  and  108  Btuh  (15  and  30  MWt)  that  have  a  total  output  of 
greater  than  250  x  106  Btuh  (75  MWe).  Several  miscellaneous  activities 
might  fall  into  the  requirements  area  because  they  deal  indirectly  with  re¬ 
quirements.  Legal  issues  were  addressed  through  the  publication  of  the 
Solar  Law  Reporter,  a  journal  that  specializes  in  zoning,  access  rights, 
consumer  rights,  and  regulatory  issues. 

The  only  example  of  a  traditional  government  service  incentive  was  the 
use  of  solar  by  federal  power  marketing  authorities  (Bonneville  Power 
Administration,  Tennessee  Valley  Authority). 

Numerous  solar  incentives  fall  into  the  category  of  nontraditional  ser¬ 
vices.  The  RD&D  efforts  in  all  solar  and  conservation  technologies  fall 
under  this  category,  as  well  as  additional  consultation,  information  dis¬ 
semination,  and  resource  data  collection  and  dissemination  activities. 
For  a  more  extensive  but  by  no  means  complete  list,  see  tables  5.13 
through  5.17. 

Included  in  the  market  activity  category  are  the  Federal  Buildings  Pro¬ 
gram  and  the  Solar  Energy  and  Conservation  Bank.  Under  the  Federal 
Buildings  Program,  the  government  purchased  quantities  of  solar  hard¬ 
ware  for  its  own  use  in  the  hope  of  supporting  the  fledgling  industry 
and  possibly  assisting  in  initial  steps  toward  mass  production  of  solar 
components. 

5.5  Summary  of  the  Impacts  of  Incentives  to  Date 

It  is  difficult  to  determine  conclusively  whether  the  incentives  received  by 
solar  are  on  a  par  with  the  incentives  received  by  other  energy  sources. 
No  comprehensive  analysis  has  quantified  the  impacts  of  solar  energy  to 
date.  However,  some  estimate  of  solar  impacts  can  be  made  based  on  the 
data  currently  available. 

5.5. 1  The  Equity  of  Solar  Relative  to  Other  Energy  Sources 

Table  5.18  presents  some  estimates  of  solar  energy  savings  versus  federal 
incentives  from  1980  through  1985.  The  energy  impacts  for  the  flat-plate 
collectors  and  photovoltaics  are  based  on  installed  capacity  estimates  de- 
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rived  from  the  EIA  Solar  Collector  Manufacturers  Survey  (EIA,  1984). 
Based  on  these  figures,  EIA  estimated  that  approximately  64  x  106  ft2 
(6  x  106m2)  of  low-temperature  collector,  82  x  106ft2  (8  x  106m2)  of 
medium-temperature  collector,  and  34  MW  of  photovoltaics  were  in¬ 
stalled  by  the  end  of  1984.  EIA  conservatively  estimates  approximately  12 
MW  of  installed  wind  capacity  based  on  approximately  1,000  5-kW  small 
wind  machines,  three  500-  to  1 ,000-kW  machines,  and  a  5-MW  wind  en¬ 
ergy  farm  at  Altamont  Pass,  California.  These  values  were  converted  to 
energy  savings  based  on  the  following  factors: 

low- temperature  flat  plate  =  100,000  Btu/ft2  yr  (1.1  GJ/m2  yr), 
medium-temperature  flat  plate  =  200,000  Btu/ft2  yr  (2.2  GJ/m2  yr), 
photovoltaics  =  37.5  x  109  Btu/MWeyr(40TJ/MWeyr), 
wind  =  37.5  x  109  Btu/MWe  yr  (40  TJ/MWe  yr). 

These  conversion  factors  were  derived  from  the  energy  projections  de¬ 
veloped  by  Oak  Ridge  National  Laboratories  and  MITRE  for  the  1980 
solar  strategy  paper  (Parikh  et  al.,  1980).  It  is  also  conservatively  assumed 
that  the  level  of  biomass  use  for  home  heating  and  industrial  heat  has  not 
increased  since  1980,  when  it  was  estimated  to  be  1.5  quads  by  DOE  (Gill, 
Majors,  and  Wang,  1980). 

Based  on  these  estimates  solar  energy  provided  approximately  1.7 
quads  (1.79  EJ)  of  energy  in  1985.  When  compared  with  the  conventional 
energy  incentives  depicted  in  table  5.3,  solar,  which  ranged  from  $0.35 
to  S0.58/106  Btu  between  1980  and  1984,  was  well  within  the  range  of 
annual  incentives  received  by  conventional  energy  sources  in  1977. 

5.5.2  Incentives  as  a  Reflection  of  the  Total  National  Value  of  Solar 

All  things  considered,  total  national  value  is  a  relatively  subjective 
measure.  The  MITRE  NPAC  analysis  (Bennington  et  al.,  1979)  estimated 
a  total  national  value  of  $1.1 1-S1.43/106  Btu  (adjusted  to  1985  dollars) 
for  solar  energy.  These  values,  however,  assumed  the  costs  and  impacts  of 
a  mature  solar  industry  in  the  year  2000.  Although  it  is  still  too  early  to 
compare  the  cumulative  costs  and  benefits  against  this  benchmark,  the 
annual  estimated  cost  per  106  Btu  compares  favorably  with  the  expected 
benefit. 

Another  view  of  the  cost/benefit  balance  may  be  to  compare  the  federal 
incentives  with  the  current  size  of  the  solar  industry.  The  Rocky 
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Mountain  Institute  estimates  the  solar  industry  to  be  worth  approxi¬ 
mately  $3  billion  per  year  in  1984  (Lamar,  1986).  Thus  the  industry’s  an¬ 
nual  sales  volume  is  worth  a  little  less  than  half  what  was  invested  over 
the  previous  twelve  years.  This  also  seems  to  indicate  a  reasonable  benefit 
for  the  investment. 

5.5.3  The  Effectiveness  of  Incentives  in  Promoting  the  Use  of  Solar 

Federal  incentives  have  not  been  as  successful  as  originally  planned  in 
promoting  the  use  of  solar  energy.  Table  5.19  shows  the  actual  impacts 
versus  the  impacts  projected  in  the  solar  strategy  document  of  1980 
(Parikh  et  al.,  1980)  for  the  “legislative  mandate”  scenario — the  scenario 
that  best  fits  the  solar  incentive  policy  adopted.  As  can  be  seen  from  this 
table,  actual  impacts  fell  well  short  of  what  was  expected  for  wind  and  for 
solar  heating  and  hot  water.  Photovoltaics  generated  more  energy  sav¬ 
ings  than  expected. 

The  three  reasons  why  incentives  fell  short  of  the  mark  were  that  en¬ 
ergy  costs  did  not  increase  at  the  expected  rate,  a  general  slowdown  in 
economic  growth  occurred,  and  the  solar  industry'  pricing  model  was  in¬ 
consistent  with  early  assumptions. 

Conservative  energy  pricing  scenarios  of  the  late  1970s  and  early  1980s 
assumed  1985  oil  prices  of  $35-$45  per  barrel.  The  1980  solar  strategy 
assumed  energy  escalation  at  about  2%  over  inflation,  when  in  fact  it  has 
decreased  in  real  terms.  This  decrease  has  had  an  impact  on  solar  pene¬ 
tration  by  detracting  from  the  economics  of  solar  relative  to  conventional 
alternatives.  The  decreased  savings  from  solar  made  the  initial  investment 
hard  to  rationalize.  The  deteriorated  economic  benefits  from  solar  in 
some  instances  prevented  some  solar  options  from  even  getting  to  the 
marketplace.  Solar  cooling  and  residential  photovoltaics  never  really 
emerged  from  the  demonstration  phase  into  commercialization. 

The  general  slowdown  in  the  economy  witnessed  during  1981  through 


Table  5.19 

Actual  and  projected  solar  impacts  of  wind,  photovoltaics.  and  solar  heat  and  hot  w  ater 
(1024  Btu  =  1.055  TJ) 


Technology 

Actual  impact 

Projected  impact 

Wind 

0.00045 

0.005 

Photovoltaics 

0.001 

0 

Solar  heat  and  hot  water 

0.165 

0.228 
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1983  had  some  severe  impacts  on  the  growth  of  the  solar  energy  industry. 
The  downturn  in  housing  starts  removed  an  essential  market  for  residen¬ 
tial  solar  heating  and  hot  water.  The  new  market  was  initially  perceived 
as  an  important  market  for  solar  heating  and  hot  water  because  of  the 
opportunity  to  finance  the  incremental  solar  cost  over  a  thirty-year  mort¬ 
gage  versus  a  short-term  loan  associated  with  a  solar  retrofit  application. 
The  slowdown  in  industrial  growth  also  limited  the  market  for  solar  in¬ 
dustrial  process  heat  applications.  Finally,  the  slowdown  in  the  growth  of 
demand  for  electrical  power  limited  the  early  markets  originally  per¬ 
ceived  for  wind  and  solar  thermal  fuel  savers.  Fuel  savers  are  typically 
smaller-scale  systems  (less  than  10  MWe)  that  provide  power  only  when 
solar  or  wind  resources  are  available;  they  do  not  include  storage. 

It  was  originally  thought  that  financial  incentives  for  solar  technology 
could  enhance  the  demand  for  solar  so  that  mass  production  could  be 
achieved.  Economies  of  scale  and  learning  curve  effects  would  reduce  the 
cost  of  solar.  The  reduced  cost  would  be  reflected  in  reduced  price,  thus 
making  solar  more  competitive  with  conventional  energy  sources.  Al¬ 
though  no  definitive  study  exists  as  to  what  exactly  occurred,  it  appears 
that,  at  best,  the  price  of  solar  remained  constant.  In  some  instances,  it 
appears  that  the  price  of  solar  increased.  The  incentives  allowed  the  solar 
dealers  to  charge  more  while  the  consumers,  through  the  tax  incentives, 
paid  less.  If  this  is  in  fact  what  occurred,  the  consumer  did  not  reap  the 
entire  benefit  of  the  tax  credit  and  the  market  was  not  stimulated  to  the 
extent  originally  planned. 

In  summary,  solar  incentives  do  not  appear  to  have  been  as  effective  as 
originally  planned.  The  strongest  conclusion  that  can  be  drawn  from  this 
experience  is  that  the  political  and  economic  environment  used  in  design¬ 
ing  the  initial  solar  incentives  has  changed  greatly  over  the  past  seven 
years.  Because  the  environment  has  changed,  the  actual  results  have  not 
matched  the  predicted  results. 
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Increasing  attention  to  the  variety  of  energy  resources  available  to  in¬ 
dustrial  societies  led  to  studies  of  energy  applications  and  end-uses  and 
their  relationship  to  the  performance  of  energy  technologies.  The  pur¬ 
pose  of  these  studies  was  to  explore  new  and  potentially  more  productive 
uses  of  available  resources  through  selectively  using  energy  technologies. 
The  guiding  philosophy  of  thqse  efforts  was  that  a  productive  society 
with  scarce  energy  resources  should  appropriately  match  energy  re¬ 
sources  to  energy  end-uses. 

For  solar  thermal  technology,  matching  energy  resources  to  energy 
end-uses  included  considering  the  temperature  and  form  of  heat  required 
by  the  end-use  in  addition  to  other  common  technical  and  economic 
parameters.  The  technology’s  ability  to  deliver  heat  over  a  wide  range  of 
temperatures  and  at  significantly  varied  efficiencies  within  those  tem¬ 
perature  ranges  made  the  task  of  appropriate  end-use  matching  somewhat 
unique  (see  figure  6.1).  This  uniqueness,  and  the  advantages  and  dis¬ 
advantages  it  implies,  was  a  major  factor  in  the  introduction  and  develop¬ 
ment  of  end-use  matching  concepts  for  solar  thermal  technology. 

End-use  matching  and  applications  analysis  were  recognized  as  impor¬ 
tant  elements  of  the  federal  research  and  development  (R&D)  program 
for  solar  thermal  technology.  As  stated  in  a  summary  of  such  programs 
by  the  Solar  Energy  Research  Institute  (SERI), 

The  effective  use  of  alternative  energy  technology  (in  industry)  will  depend,  to  a 
large  extent,  on  the  successful  recognition,  development  and  implementation  of 
appropriate  applications  for  alternative  energy  supply.  Because  solar  energy 
competes  with  many  other  suitable,  and  perhaps  more  flexible,  energy  delivery 
systems,  it  is  important  that  applications  be  chosen  to  maximize  competitive 
advantages.  This  requires  that  issues  of  location,  temperature  needs,  schedule, 
fuel  price,  fuel  availability,  and  environmental  constraints  be  fully  explored  to 
identify  applications  for  solar  energy.  It  also  necessitates  that  system  design  and 
engineering  initially  satisfy  the  requirements  of  the  most  appropriate  applications 
and  that  systems  development  continue  to  respond  to  market  needs  as  these  needs 
develop.  (Brown,  1980) 

End-use  matching  and  applications  analysis,  applied  in  studies  of  solar 
thermal  technology,  emphasized  specific  studies  of  particular  application 
needs.  These  studies  focus  on  technical  and  economic  criteria  of  the  en¬ 


ergy  user. 
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‘Based  on  incident  direct  normal  or  total  horizontal  insolation 
Figure  6.1 

Annual  efficiency  of  solar  thermal  IPH  systems  versus  average  operating  temperature 
(includes  typical  field  thermal  transport  losses,  but  not  process  heat  exchange). 


In  this  chapter  I  describe  the  development  of  methodologies  and  the  re¬ 
sults  of  studies  from  1972  to  1982  involving  applications  analysis  and 
end-use  matching  of  solar  thermal  technologies  in  U.S.  industry.  The 
methodologies  I  describe  could  have  been  used  to  evaluate  solar  thermal 
applications  in  other  economic  sectors;  however,  their  primary  applica¬ 
tion  was  in  industry,  particularly  for  industrial  process  heat  (IPH).  I  also 
elaborate  on  the  theory  and  scope  of  the  studies  and  their  relationship  to 
technology  assessment,  market  analysis,  and  system  development. 

This  chapter  is  divided  into  four  parts.  Section  6. 1  defines  the  general 
scope  and  background  of  applications  analysis  and  its  relationship  to 
other  forms  of  requirements  analysis.  Section  6.2  summarizes  major  pro¬ 
gram  thrusts  in  which  end-use  matching  and  applications  analysis  meth¬ 
odologies  were  developed  and  used  to  support  federal  solar  thermal  en- 
ergy  programs.  Section  6.3  describes  activities  in  major  program  elements 
in  some  detail,  including  applications  in  solar  space  heating  and  cooling. 
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industrial  and  agricultural  process  heat,  small  power  systems,  total  en¬ 
ergy  systems,  and  large  power  systems.  Finally,  in  section  6.4  I  summa¬ 
rize  the  accomplishments  of  a  decade  of  applied  research  and  discuss 
the  general  contributions  to  the  federal  R&D  program  for  solar  thermal 
technology. 

6.1  Scope  of  Applications  Analysis 

We  must  define  end-use  matching  and  application  analysis  before  we  can 
establish  a  basis  for  discussing  them  in  federally  supported  research, 
although  a  precise  definition  of  their  scope  is  difficult.  For  example,  ap¬ 
plications  analyses  are  similar  to  market  analyses  of  technologies  within 
major  economic  sectors,  as  both  types  of  study  rate  markets  and  tech¬ 
nologies  by  market  suitability.  However,  although  market  analyses  rely 
heavily  on  macroscopic  characterization  of  the  suitability  of  markets,  an 
applications  analysis  generally  focuses  on  a  more  specific  test  of  the 
match  between  technologies  and  markets.  Also,  market  analysis  often 
considers  the  dynamics  of  market  penetration  and  the  global  impact  of 
economic  factors,  whereas  applications  analysis  does  not.  Likewise,  ap¬ 
plications  analysis  is  similar  to  specific  system  development  and  design 
studies  because  site-specific  criteria  are  important  to  both.  System  design 
studies,  however  tend  to  be  less  comprehensive  than  the  typical  end-use 
matching  analysis.  Applications  analysis  and  end-use  matching  fit  some¬ 
where  in  between  market  analysis  and  system  design  studies  in  this  con¬ 
tinuum  of  system  design  detail  and  comprehensive  market  coverage. 

The  intermediate  position  of  applications  analysis  and  end-use  match¬ 
ing  is  of  some  value  in  an  R&D  program.  Often  such  studies  confirm  the 
actual  technical  and  economic  feasibility  of  broadly  characterized  mar¬ 
kets  because  of  their  attention  to  site-specific  constraints  and  opportu¬ 
nities.  Applications  analysis  may  also  provide  the  basis  for  market  studies 
of  a  broader  nature  by  identifying  previously  unrecognized  opportunities. 

Applications  analysis  is  supported  by  two  primary  facets  of  research: 
requirements  analysis  and  end-use  matching.  Requirements  analysis  is 
the  investigation,  analysis,  and  documentation  of  selected  aspects  of  an 
energy  service  market.  It  incorporates  features  of  the  application  of  new 
technology  that  are  not  always  directly  measurable  in  economic  terms. 
Requirements  analysis  focuses  on  the  end-user’s  technical  needs  and 
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seeks  to  characterize  important  variables  in  adapting  and  implementing 
solar  energy  resources  to  the  end-use.  For  example,  a  requirements  analy¬ 
sis  of  the  industrial  sector  for  application  of  solar  thermal  process  heat 
would  focus  on  collecting  data  on  (among  other  things)  location  and 
climatology,  land  availability,  process  scheduling,  peak-to-average  heat 
requirements,  required  temperature,  reliability  requirements,  current  en¬ 
ergy  costs,  capital  recovery  factors,  and  atmospheric  contaminants. 
These  data  would  then  be  documented,  organized,  and  analyzed  to  indi¬ 
cate  the  technology’s  suitability  to  specific  applications. 

End-use  matching  consists  of  testing,  selecting,  and  refining  the  appli¬ 
cation  of  specific  solar  technology  systems  to  end-use  requirements.  For 
example,  for  industrial  process  heat  the  appropriate  selection  of  the  con¬ 
centration  ratio  in  the  collector  allows  a  match  of  the  temperature  level  of 
the  heat  supply  to  that  required  in  the  process.  A  number  of  choices  of 
collector  may  be  available  for  a  given  end-use,  because  a  variety  of  solar 
thermal  collectors  with  different  concentration  ratios  are  available.  The 
objective  of  end-use  matching  (in  general)  is  to  select  the  collector  that 
most  economically  meets  such  requirements  as  the  supply  temperature. 
Such  selection  ensures  that  solar  thermal  energy  competes  effectively  with 
other  conventional  forms  of  energy. 

Therefore  the  basic  scope  of  applications  analysis  differs  from  market 
analysis  and  system  design  studies  in  the  following  ways: 

1.  Applications  analysis  is  based  on  requirements  of  various  end-use 
applications  that  are  defined  with  regard  to  the  set  of  technologies  to  be 
analyzed. 

2.  Applications  analysis  is  characterized  by  matching  technologies  and 
system  configurations  to  end-use  requirements  rather  than  by  approxi¬ 
mating  needs  by  generally  defined  economic  criteria.  Applications  analysis 
does  not,  however,  involve  the  extensive  evaluation  of  a  single  application 
to  the  exclusion  of  broader  markets  as  does  a  design  study. 

3.  Applications  analysis  methods  may  vary  in  form  and  scope  depending 
on  the  specificity  desired,  the  number  of  technologies  being  evaluated, 
and  the  breadth  ol  the  market  being  considered.  In  general,  however, 
such  methods  must  be  amenable  to  the  evaluation  of  multiple  technologies 
over  multiple  markets  and  be  able  to  distinguish  acceptable  applications 
on  the  basis  of  technical  as  well  as  economic  criteria. 
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To  avoid  confusion,  let  us  also  distinguish  technology  assessment  from 
applications  analysis.  Technology  assessment  is  a  long-standing  element 
of  the  federal  energy  research  program.  Although  many  technology  as¬ 
sessment  studies  are  referred  to  in  the  discussion  of  the  development  of 
applications  analyses  for  the  solar  thermal  energy  program,  the  two  terms 
are  not  synonymous.  Technology  assessment  is  defined  as  an  area  of 
study  that  “systematically  examines  the  effects  on  society  that  may  occur 
when  a  technology  is  introduced,  extended,  or  delayed”  (Division  of 
Solar  Energy,  1977).  As  such,  technology  assessment  embodies  a  number 
of  activities  not  normally  included  as  part  of  applications  analysis,  in¬ 
cluding  the  assessment  of  socioeconomic  and  environmental  impacts, 
macroeconomic  trends,  and  future  energy  supply  mixes.  Applications 
analysis,  which  normally  follows  technology  assessments  and  program¬ 
matic  mission  analyses,  focuses  more  on  the  private  market  decisions  that 
will  result  in  the  implementation  of  technologies  assumed  in  the  former 
studies. 

6.2  Survey  of  the  Federal  Program 

Federally  sponsored  applied  research  in  applications  analysis  began  in 
1975.  Before  that  time  some  studies  were  conducted  to  identify  major 
application  markets  and  long-term  prospects  for  solar  energy  and  other 
energy  resources  [for  example,  Project  Independence  (FEA,  1974)].  Cer¬ 
tain  industrial  energy  requirements  analyses  were  conducted  as  part  of 
the  Federal  Energy  Administration’s  (FEA’s)  (Hall  et  al.,  1975)  charter 
in  evaluating  energy  conservation  opportunities.  Otherwise,  FEA  main¬ 
tained  only  a  limited  effort  in  defining  market  incentives  for  solar  heating 
and  cooling  (DOE,  1978).  The  Energy  Research  and  Development  Admin¬ 
istration  (ERDA)  carried  out  the  principal  responsibilities  in  solar  re¬ 
search,  development,  and  demonstration  (RD&D).  ERDA  was  responsible 
for  examining  the  total  economic  and  noneconomic  “costs”  of  energy 
sources  and  studying  major  policy  issues  relating  to  solar  energy.  Al¬ 
though  these  policies  hinted  at  the  need  for  applications  analysis,  no  such 
initiatives  were  undertaken  until  1975  and  1976. 

Total  funding  for  solar  energy  RD&D  also  increased  dramatically  in 
these  years,  from  only  $14.8  million  in  1974  to  $151.6  million  in  1976.  Be¬ 
fore  1977  the  federal  government  sponsored  six  major  solar  energy  strat¬ 
egy  studies,  some  of  which  are  reviewed  in  more  detail  in  section  6.2.1. 
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These  studies  included  NSF/NASA  (1972),  FEA  (1974),  Council  on  En¬ 
vironmental  Quality  (1978),  ERDA  (1975,  1977),  and  Division  of  Solar 
Energy  (1977). 

These  studies,  along  with  the  extensive  work  of  the  Office  of  Technol¬ 
ogy  Assessment  (OTA)  on  selected  applications  and  the  MITRE  Corpo¬ 
ration  on  market  penetration  modeling,  contributed  to  the  understanding 
of  solar  technology  and  its  application  to  energy  service  sectors.  It  was 
not  until  after  1977,  however,  that  many  specific  criteria  for  the  market 
penetration  and  application  suitability  of  solar  thermal  technology  were 
evaluated.  The  basis  for  applications  analysis,  which  was  developed  or 
applied  by  many  of  these  broad  “mission”  or  strategy  studies,  is  dis¬ 
cussed  in  section  6.2.1. 

In  fiscal  year  (FY)  1977  and  more  extensively  in  FY  1978,  DOE  began 
to  support  research  that  was  more  specific  in  its  coverage  of  end-use  sec¬ 
tors  and  types  of  solar  thermal  technology.  Within  the  Office  of  the  Assis¬ 
tant  Secretary  for  Energy  Technology,  DOE  continued  to  support  overall 
missions  analyses  of  dispersed  power  applications  (power,  total  energy, 
and  process  heat)  for  solar  thermal  systems  under  the  guidance  of  the 
Aerospace  Corporation.  Applications  analyses  of  specific  markets  (in¬ 
dustrial,  institutional,  commercial,  residential)  were  expanded  under  this 
program,  as  were  the  Aerospace  studies  of  small  power  system  applica¬ 
tions.  In  the  Office  of  Conservation  and  Solar  Technology,  two  studies  of 
the  industrial  market  for  process  heat  systems  (by  InterTechnology  and 
Battelle)  during  1977  catalyzed  a  rapid  expansion  of  research  and  devel¬ 
opment  and  end-use  matching  studies  in  solar  thermal  process  heat.  Key 
results  of  some  of  these  studies  are  discussed  in  the  section  6.2.2. 

These  efforts,  as  well  as  the  development  of  techniques  for  the  evalua¬ 
tion  of  specific  markets,  continued  in  FY  1978  and  FY  1979.  For  exam¬ 
ple,  end-use  matching  for  industrial  applications  was  initiated  at  SERI 
(Lameiro  and  Brown,  1978)  and  a  study  of  utility  prospects  for  repower¬ 
ing  power  plants  with  central  receiver  technology  was  sponsored  by  the 
Public  Service  Company  of  New  Mexico  (Public  Service  Co.  of  New 
Mexico,  1978).  New  techniques  tor  evaluating  alternative  small  power 
systems  were  developed  at  the  Jet  Propulsion  Laboratories  and  applied 
at  SERI  and  Battelle  Pacific  Northwest  Laboratories.  Other  contracts 
awarded  in  FY  1979  that  relate  to  market  and  applications  analysis  are 
summarized  in  table  6.1.  The  impact  of  these  studies  on  applications  anal¬ 
ysis  methodology  is  discussed  by  major  application  sector  in  later  sections. 
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Table  6.1 

Market  and  applications  analysis  programs  funded  in  FY  1978  and  FY  1979 


Program 

Funding 
($  thousands)3 

Funding  source 

Effect  of  system  factors 
on  the  economics  of  demand 
for  small  solar  thermal 
power  systems  (utility  and  industry) 

$100 

General  Electric 

Comparative  ranking  of  0.1 

$330 

Solar  Energy  Research  Institute 

to  10  MWe  small  solar 

' 

Battelle  Pacific  Northwest  Lab 

thermal  power  systems 

Jet  Propulsion  Laboratory 

Solar  thermal  plant  impact 
analysis  and  requirements 
definition  study 

$255 

Science  Applications,  Inc. 

Small  solar  power  systems 
mission  analysis 

$781 

Oak  Ridge  National  Laboratory 

Conceptual  system 
evaluations  for  solar 
central  receiver  hybrid 
power  systems 

$629 

Bechtel  National 

Conceptual  system 
evaluations  for  solar 
central  receiver  hybrid 
power  systems 

$634 

Rockwell  International 

Solar  thermal  electric 
plants  in  a  hydroelectric 
grid 

$100 

Bureau  of  Reclamation 

Economic  assessment  of 
advanced  solar  thermal 
plants 

$221 

Westinghouse 

Solar  thermal  repowering 
assessment 

$468 

Public  Service  Co.  of  New  Mexico 

Source:  DOE  (1979). 
a.  Current  year  dollars. 
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During  FY  1979  the  president’s  Domestic  Policy  Review  established 
goals  for  displacing  conventional  energy  resources  with  solar  and  hydro¬ 
electric  technology  that  amounted  to  approximately  20%  of  the  nation’s 
projected  energy  needs  in  the  year  2000  (Easterling,  Grace,  and  Kettle, 
1980).  The  targeted  displacement  was  equivalent  to  18.5  quads  (1  quad  = 
1015  Btu  =  1.05  EJ),  of  which  3  quads  was  due  to  solar  thermal  systems 
(PRC  Energy  Analysis  Co.,  1980).  To  accomplish  these  goals,  the  Solar 
Thermal  Program  (under  the  Assistant  Secretary  for  Energy  Technology) 
established  a  program  strategy  that  included  subsystem  design  and  test¬ 
ing,  applications  analysis,  advanced  subsystem  development,  and  com¬ 
mercialization.  To  direct  research  toward  marketable  applications.  DOE 
established  goals  for  end-use  matching  of  solar  technologies  to  markets. 
These  are  reflected  in  figure  6.2.  These  goals  were  based  on  numerous 
applications  studies,  but  not  on  overall  end-use  matching  assessments. 

The  Advanced  Technology  Subprogram,  which  was  within  the  Solar 
Thermal  Program,  was  responsible  for  identifying  candidate  components, 
subsystems,  systems,  and  processes  for  solar  thermal  applications  (PRC 
Energy  Analysis  Co.,  1980).  This  identification  process  was  supported  by 
analytical  studies  in  applications  of  fuels  and  chemicals,  high-temperature 
[>  1000°F  (540°C)]  process  heat,  and  advanced  electric  power. 

DOE  was  reorganized  during  FY  1980  to  place  all  solar  R&D  pro¬ 
grams  under  a  single  assistant  secretary  for  conservation  and  solar  en- 
ergy.  Under  the  deputy  assistant  secretary  tor  solar  energy,  four  program 
offices  were  established:  Solar  Applications  for  Buildings,  Solar  Applica¬ 
tions  for  Industry,  Solar  Power  Applications,  and  Alcohol  Fuels.  This  or¬ 
ganization  shifted  emphasis  toward  the  appropriate  application  of  solar 
technology  and  encouraged  cooperation  and  cross-technology  compari¬ 
sons  within  end-use  sectors.  Solar  thermal  heating  and  cooling  svstems 
were  assigned  to  Applications  for  Buildings.  Other  solar  thermal  pro¬ 
grams  (including  power)  were  assigned  to  Applications  for  Industry.  All 
three  applications  offices  were  responsible  for  market  analysis,  testing, 
and  development  within  their  respective  market  sectors.  One  of  the  first 
thrusts  of  these  new  offices  was  to  commission  market  strategy  analyses 
of  their  respective  sectors. 

In  general,  solar  thermal  applications  analyses  from  FY  1981  and  FY 
1982  aimed  at  recapitulating  and  reformulating  market  thrusts  for  solar 
thermal  technology.  Review  efforts  during  this  period  are  summarized  in 
section  6.2.3. 
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Solar  thermal  power  systems  technology  and  applications  matching  (PRC  Energy  Analysis 
Co.,  1980). 
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In  FY  1 98 1  solar  research  budgets  were  restricted,  and  thus  difficult  de¬ 
cisions  on  the  future  application  of  limited  funds  were  necessary.  Earlier 
studies  on  comparative  ranking  of  technologies  for  various  applications 
and  cost  goals  were  used  to  select  the  relative  program  funding  needs  and 
emphases.  For  the  purpose  of  multiyear  program  planning  efforts,  DOE 
focused  on  the  following  applications  for  major  technology  groups: 

1 .  Central  receiver  systems:  electric  utility  applications 

2.  Parabolic  trough  systems:  industrial  process  heat  (IPH)  applications 

3.  Parabolic  dish  systems:  small  community  and  on-site  electric  applications 

4.  Hemispherical  bowl  systems:  small  utility  steam  electric  applications 

5.  Solar  ponds:  electricity  and  low-temperature  heat  at  favorable  sites 

Overall  program  emphasis  was  also  refocused  on  R&D  technology  and 
on  specific  application  demonstrations.  No  new  thrusts  in  end-use  match¬ 
ing  or  applications  analysis  were  proposed.  However,  S2.6  million  (out  of 
a  FY  1981  budget  of  $141.8  million)  was  allocated  to  planning  and  assess¬ 
ment  studies  geared  toward  identifying  market  opportunities  and  con¬ 
straints  (DOE,  1981).  Applications  and  requirements  analyses  initiated  in 
FY  1980  were  completed  during  1981  and  included  an  extensive  review  of 
industrial  energy  requirements,  user  attitudes,  and  application  suitability 
for  industrial  process  heat. 

6.2.1  Early  Developments 

ERDA  makes  an  early  reference  to  the  broad  concept  of  energy  service 
analysis  in  their  1975  national  policy  plan  (ERDA,  1975).  ERDA  used 
the  reference  energy  system  developed  by  Brookhaven  National  Labora¬ 
tory  to  analyze  broad  energy  technology  development  scenarios  in  view 
of  their  ability  to  meet  a  given  level  and  mix  of  end-use  energy  services. 
Energy  sources  were  linked  to  end-uses  by  various  processing,  conver¬ 
sion,  and  distribution  stages  specified  by  the  reference  energy  system. 
Among  the  conclusions  of  their  study  was  the  argument  that  improve¬ 
ments  or  modifications  of  end-use  technologies  are  crucial  to  the  man¬ 
agement  of  the  nation's  liquid  fuels  shortage.  However,  ERDA  did  not 
identify  specific  applications  analysis  or  end-use  matching  as  a  high  pri¬ 
ority  for  RD&D  programs  in  either  solar  electric  technologies  or  solar 
heating  and  cooling  (ERDA,  1975). 

The  reference  energy  system  used  in  ERDA's  planning  allowed  for 
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economic  optimization  of  energy  resource  and  energy  service  matching 
on  a  macroscopic  level.  Energy  demand  and  supply  projections  were  de¬ 
veloped  independently,  and  the  reference  energy  system  then  solved  for 
the  least-cost  set  of  energy  supply  sources  that  met  energy  demand  pro¬ 
jections  based  on  exogenously  specified  unit  costs  (ERDA,  1975).  The 
least-cost  solution  was  defined  macroscopically;  that  is,  a  set  of  energy 
resource  technologies  was  selected  based  on  overall  costs  of  production, 
processing,  conversion,  and  distribution  (but  not  utilization).  In  this  way 
the  ERDA  approach  indicated  a  macroeconomic  optimization  of  the 
supply-demand  balance  but  did  not  reflect  specific  near-term  competition 
among  energy  technologies  in  selected  applications.  Because  the  refer¬ 
ence  energy  system  did  not  account  for  specific  end-user  financing,  site 
factors,  or  other  constraints,  its  results  were  useful  to  indicate  trends  in 
but  not  specific  utilization  of  new  energy  technologies. 

The  Stanford  Research  Institute  (SRI)  used  a  similar  macroscopic  en¬ 
ergy  system  model  to  determine  the  most  economical  means  of  meeting 
energy  needs  in  exogenously  defined  scenarios  in  its  research  for  ERDA 
during  FY  1976  (Division  of  Solar  Energy,  1977).  The  primary  purpose 
of  this  study  was  to  perform  a  technology  assessment  of  solar  energy  im¬ 
plementation  in  the  future,  not  to  provide  specific  market  penetration  es¬ 
timates  or  technology  rankings  for  selected  applications.  However,  the 
principles  that  guided  this  analysis,  as  with  the  previous  ERDA  study, 
assumed  the  validity  of  the  energy  resource  and  energy  service  matching 
paradigm  in  long-term  energy  policy  analysis.  The  SRI  model  assumed 
twenty-two  different  types  of  energy  end-use  demands  in  nine  geographic 
regions.  Although  this  was  not  an  extensive  or  detailed  universe  of  energy 
end-uses,  it  was  nonetheless  suitable  for  a  broad  energy  policy  compari¬ 
son  of  multiple  resource,  processing,  and  distribution  alternatives  (for  ex¬ 
ample,  fourteen  different  solar  process  combinations  were  examined). 
Solar  energy  use  in  various  end-uses  was  based  on  relative  cost  (using  dis¬ 
counted  present  value  of  costs)  of  a  generic  solar  system  compared  with 
other  alternatives.  In  their  study  SRI  noted  the  difficulty  in  developing 
“generic”  solar  system  performance  and  cost  estimates  for  these  com¬ 
parisons.  They  also  noted  the  failure  of  their  model  to  reflect  various  site- 
specific  factors,  conventional  energy  supply  prices,  and  institutional  bar¬ 
riers  that  have  an  impact  on  the  actual  use  of  solar  technologies. 

A  later  study  by  SRI  investigated  the  relative  market  penetration  po¬ 
tential  of  eleven  solar  technologies  in  fifteen  end-use  markets  in  nine  geo- 
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graphic  regions.  The  purpose  of  the  study  was  to  contribute  to  policy  de¬ 
cisions  by  DOE’s  advisory  board,  the  Solar  Working  Group.  The  method 
used  by  SRI  in  this  study  did  not  specifically  address  end-use  matching 
but  rather  relied  on  a  traditional  market  penetration  model  (solar  pene¬ 
tration  model,  or  SPM)  to  define  the  share  of  a  given  end-use  market 
allocated  to  specific  technologies  based  on  relative  price,  energy  demand, 
and  market  response  parameters  (Solar  Working  Group,  1978). 

ERDA  also  sponsored  a  limited  utilization  of  end-use  matching  in 
selecting  residential  solar  heating  and  cooling  demonstration  sites  in 
1976.  Residential,  nonfederal  demonstrations  in  the  Department  of 
Housing  and  Urban  Development  (HUD)  program  were  selected  on  the 
basis  of  solar  energy  systems  matched  with  specific  geographic  locations 
to  provide  unique  research  and  market  opportunities  (Division  of  Solar 
Energy,  1976).  In  doing  this,  ERDA  used  a  selection  matrix  that  mapped 
location  constraints  (housing  types,  building  codes,  zoning,  climate,  en¬ 
ergy  demand,  and  fuel  costs)  against  solar  system  characteristics. 

Although  ERDA  believed  that  this  approach  to  site  selection  was  use¬ 
ful  in  the  first  round  of  residential  demonstrations,  it  was  not  utilized  in 
later  demonstration  program  cycles.  ERDA  adopted  a  policy  of  evaluating 
system-site  combinations  on  their  individual  merit  in  subsequent  program 
cycles,  with  no  attempt  to  influence  selections  through  preanalysis.  The 
decision  to  abandon  the  site-system  selection  methodology  is  reflected 
in  R&D  program  decisions  as  well;  among  the  market  development  and 
economic  analysis  initiatives  proposed  by  ERDA  in  their  1976  program 
plan,  there  is  no  mention  of  a  need  for  broad-based  application  analyses. 

One  of  the  first  serious  attempts  to  recognize  and  deal  with  the  site- 
specific,  application-specific  nature  of  solar  energy  usage  was  the  ex¬ 
tensive  study  by  the  Office  of  Technology  Assessment  (OTA),  which 
concluded  in  June  1978  (OTA,  1978).  This  study  notes  the  potential  im¬ 
portance  of  time  (in  terms  of  energy-use  scheduling)  and  temperature  in 
defining  the  value  of  solar  energy,  variables  that  were  not  a  part  of  en¬ 
ergy  value  assessments  for  conventional  fuel  technologies.  As  noted  by 
OTA,  “It  is  important  to  compare  competing  technologies  on  the  basis 

of  their  ability  to  perform  a  specific  set  of  tasks  in  a  specific  location _ 

generalizations  and  simple  ‘measures  of  merit'  can  be  very  misleading” 
(OTA,  1978).  OTA  evaluated  the  relative  merit  of  on-site  solar  technol¬ 
ogies  that  met  specific  energy  needs  (single-family  residence,  apartment, 
shopping  mall,  mixed  community,  and  selected  industrial  processes)  in 
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four  locations  (Albuquerque,  Boston,  Fort  Worth,  and  Omaha).  Obvi¬ 
ously,  by  selecting  the  specific  set  of  site  and  application  scenarios,  OTA 
was  restricted  from  providing  broad  market  estimates  of  future  energy 
supply  mixes  or  solar  market  potential.  Their  analysis  allowed  one  to 
judge  relative  “competitiveness”  of  certain  types  of  on-site  solar  systems 
but  not  comprehensive  applicability  of  those  systems.  Furthermore,  their 
analysis  could  not  assess  the  competitiveness  of  solar  equipment  on  the 
basis  of  an  “optimal”  system  design  for  the  selected  site  and  end-use. 
However,  other  important  aspects  of  applications  analyses  were  addressed, 
such  as  comparison  of  alternatives  based  on  their  ability  to  meet  the  same 
end-use  demand,  life-cycle  costs,  economically  “rational”  end-user  deci¬ 
sion  criteria,  and  integrated  energy  systems.  This  approach  required,  of 
course,  the  assembly  of  data  regarding  the  cost  of  alternative  and  backup 
energy  sources,  the  cost  of  solar  equipment,  specific  aspects  of  end-use 
demands,  and  local  site  climatological  factors. 

ERDA  contracted  with  the  MITRE  Corporation  (METREK  Division) 
in  1975  to  study  the  potential  utilization  of  solar  energy  to  the  year  2020 
(Bennington  et  al.,  1978).  Like  the  previous  studies,  the  MITRE  work 
was  comprehensive  and  broad  in  its  coverage,  but  was  more  specific  than 
others  in  its  treatment  of  market  penetration  factors  and  specific  applica¬ 
tion  requirements.  Much  attention  was  dedicated  to  evaluating  market 
penetration  methodologies  in  the  development  of  MITRE’s  own  model, 
called  spurr  (System  for  Projecting  the  Utilization  of  Renewable  Re¬ 
sources).  MITRE  also  developed  considerable  analytical  background  on 
the  cost  and  performance  of  typical  solar  thermal  systems.  This  and  other 
market  penetration  studies  are  covered  by  Bennington  in  chapter  4. 

MITRE  considered  seven  basic  technology  groups  in  its  study:  wind 
energy  conversion  systems,  fuels  from  biomass,  solar  thermal  systems  for 
hot  water,  heating,  or  cooling  of  buildings,  solar  thermal  process  heat 
systems,  solar  thermal  electric  utility  systems,  photovoltaic  central  power 
systems,  and  ocean  thermal  energy  conversion  systems. 

The  MITRE  study  included  fifteen  technology  options  in  solar  thermal 
alone  and  was  clearly  more  detailed  in  its  scope  and  more  consistent  with 
applications  analysis  methodology  than  any  of  the  previously  discussed 
strategic  studies.  Two  energy  scenarios  were  tested  in  MITRE’s  analysis: 
a  recent  trends  scenario,  based  on  ERDA’s  baseline  data  developed  in  the 
reference  energy  system  studies,  and  the  national  energy  plan  scenario, 
based  on  proposed  incentives  and  regulations  proposed  in  legislation 
under  the  same  name. 
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As  stated  in  MITRE’s  description  of  their  methodology,  the  spurr 
system  was  “intended  to  fill  the  gap  between  the  aggregate  national  en¬ 
ergy  models  and  the  uncoordinated  analyses  of  individual  applications  of 
solar  technologies”  (Rebibo  et  al.,  1977).  spurr  was  intended  to  permit 
the  analysis  of  a  wide  range  of  technologies  on  a  regional  basis,  with  ex¬ 
plicit  accounting  for  the  dynamics  of  market  penetration,  changes  in  cost 
resulting  from  experience  in  production,  and  changes  in  prices  and  en¬ 
ergy  policy  over  time.  Production  experience  between  applications  was 
shared  in  the  model,  as  was  intersectoral  demand. 

The  MITRE  study  showed  significant  potential  market  penetration  for 
solar  thermal  hot  water,  heating,  and  cooling  systems  (between  0.9  and 
1.6  quads  by  2000)  and  approximately  the  same  potential  for  solar 
thermal  process  heat.  The  study  also  indicated  generic  application  types 
and  general  regional  response  but  not  specific  applications.  The  MITRE 
study  was  a  major  step  toward  applications  analysis  and  end-use  match¬ 
ing,  but  it  stopped  short  of  developing  the  specificity  required  to  utilize 
these  methods  fully. 

6.2.2  Targeted  Market  Studies 

Almost  coincident  with  several  of  the  strategic  studies  noted.  ERDA  and 
DOE  sponsored  several  analyses  of  specific  market  sectors  to  define  long¬ 
term  potential  for  solar  thermal  technology.  Several  parallel  studies  of 
solar  thermal  total  energy  systems  were  conducted  for  industrial,  resi¬ 
dential,  institutional,  and  commercial  applications  of  solar  total  energy 
under  the  overall  direction  of  the  Aerospace  Corporation  (Aerospace 
Corp.,  1978b).  These  studies  evaluated  overall  markets  and  selected  sev¬ 
eral  “test”  generic  application  requirements  for  solar  system  evaluation. 
The  McDonnell-Douglas  Corporation  undertook  a  comprehensive  anal¬ 
ysis  in  its  study  of  the  industrial  sector  (Rogan  et  al.,  1975). 

The  objective  of  the  McDonnell-Douglas  study  was  “to  define  solar 
energy  systems  that  are  technically  and  economically  feasible  and  can  sat¬ 
isfy  all  or  part  of  selected  industry  demands,  and  to  determine  the  market 
potential  of  such  systems”  (Rogan  et  al.,  1975).  Unlike  the  aggregate 
market  studies  of  the  early  phase  of  the  ERDA  program,  the  McDonnell- 
Douglas  study  first  selected  those  industrial  applications  with  the  hiehest 
energy  demand  and  then  ranked  those  applications  according  to  the  eco¬ 
nomic  viability  of  a  solar  thermal  total  energy  system.  A  review  of  in¬ 
dustrial  energy  demand  data  was  followed  by  phone  surveys  of  1,000 
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plants  to  determine  actual  energy  demand  schedules,  process  parameters, 
etc.  Forty  applications  were  selected  for  first-level  system  designs,  and 
then  five  conceptual  designs  were  completed  for  each  of  six  geographic 
locations.  This  study  can  be  considered  the  first  true  attempt  at  applica¬ 
tions  analysis  in  the  solar  thermal  program.  It  demonstrates  both  the 
advantage  of  evaluating  technologies  at  true  end-use  levels  and  the  limited 
market  perspective  allowed  by  such  detail. 

In  1976  the  InterTechnology  Corporation  (Fraser,  1977)  and  Battelle 
Laboratories  (Hall,  1977)  assessed  the  potential  for  solar  thermal  appli¬ 
cations  for  process  heat.  Each  contractor  was  asked  to  identify  and  char¬ 
acterize  industrial  energy  requirements  and  specify  state-of-the-art  solar 
systems  related  to  these  requirements.  The  contractors  were  also  asked 
to  perform  preliminary  assessments  of  relevant  nontechnical  issues  sur¬ 
rounding  the  adoption  of  solar  thermal  systems  by  industry.  The  conclu¬ 
sions  of  the  two  studies  differed  significantly  because  of  several  factors, 
but  the  net  result  of  the  studies  was  to  increase  the  attention  given  to 
solar  industrial  process  heat  applications. 

Both  contractors  pursued  an  approach  similar  to  those  used  in  later 
attempts  at  end-use  matching.  InterTechnology,  for  example,  evaluated 
the  performance  of  generic  solar  pond,  flat-plate,  evacuated  tube,  para¬ 
bolic  trough,  and  paraboloid  collector  systems  (with  storage),  using  simu¬ 
lations  at  specific  sites.  These  simulation  results  were  adjusted  for  tem¬ 
perature  and  location  meteorology  and  applied  against  actual  industrial 
demands  in  each  state.  For  the  first  time  in  the  solar  thermal  program,  a 
database  of  industrial  energy  requirements  was  developed  that  included 
not  only  process,  industry,  and  demand  but  also  the  temperature  and 
form  of  heat  required.  Over  seventy-eight  industry  groups  accounting  for 
59%  of  total  industrial  energy  consumption  were  included  in  the  Inter¬ 
Technology  database.  The  Battelle  study,  on  the  other  hand,  concentrated 
on  only  six  major  energy  consuming  industries  (accounting  for  80%  of 
total  manufacturing  consumption)  and  on  actual  applications  requiring 
heat  below  350°F(180°C). 

The  Aerospace  Corporation  and  the  Jet  Propulsion  Laboratory  eval¬ 
uated  the  dispersed  small  power  systems  market  between  1978  and  1980. 
Their  work  included  several  surveys  of  both  utility  and  industrial  use  of 
small  power  systems  and  a  review  of  applications  of  solar  thermal  tech¬ 
nology  to  these  needs  (Aerospace  Corp.,  1979b;  Aerospace  Corp.,  1980). 
The  Jet  Propulsion  Laboratory  directed  work  on  technical  system  analy¬ 
sis  of  point-focus  distributed  collector  systems  for  power  applications 
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and  also  the  pioneering  work  in  system  concept  “ranking”  using  detailed 
decision  analysis  in  1979  (Feinberg,  Kuehn,  and  Miles,  1979).  This  rank¬ 
ing  system  was  later  utilized  in  an  extensive  studyof  small  solar  thermal 
power  system  technologies  (Thornton  et  al.,  1980).  Although  this  study 
concentrated  on  the  evaluation  of  system  performance  and  economics 
under  “generic”  operating  conditions,  the  ranking  criteria  method  with 
which  it  evaluated  small  power  system  concepts  was  a  useful  contribution 
to  the  understanding  of  utility  applications. 

6.2.3  Review  and  Reformulation 

Following  DOE’s  reorganization  into  applications-oriented  departments 
in  1980,  two  major  efforts  were  sponsored  to  assemble  market  develop¬ 
ment  strategies  for  all  solar  technologies  in  power  applications  and  in¬ 
dustrial  applications  (DeAngelis,  Edesses,  and  Wilson,  1980;  DOE, 
1980).  These  studies  provide  a  good  general  review  of  previous  work  on 
end-use  matching,  applications  analysis,  and  market  penetration  studies. 
In  addition,  new  information  was  provided  on  a  current  review  of  end- 
user  attitudes  and  requirements.  This  review  resulted  in  an  overall 
strategy  formulation  for  solar  thermal  as  well  as  other  solar  technologies. 
Chiefly  these  strategies  called  for  targeting  specific  near-term  markets  for 
solar  thermal  energy  based  on  its  relative  strength  in  major  application 
markets  as  compared  to  other  renewable  technology  alternatives  and 
conventional  fuels.  An  example  of  the  preliminary  matching  of  solar 
thermal  technologies  to  industrial  markets  is  shown  in  table  6.2. 

The  end-use  matching  and  location  mapping  techniques  discussed  here 
were  used  by  SERI  in  a  broad  study  ot  the  potential  for  solar  energv  and 
conservation  in  U.S.  industry  during  1980  and  1981  (SERI,  1981).  Part  of 
this  evaluation  involved  using  the  computer  programs  developed  as  part 
ot  the  SERI  end-use  matching  analysis  to  identify  energy  displacement 
potentials  by  region  and  industry  in  the  year  2000.  The  availability  of 
land  or  roof  area  was  identified  as  a  crucial  issue  in  the  SERI  study,  but 
data  regarding  such  constraints  were  not  available. 

Following  the  completion  of  these  market  and  application  strategy 
studies,  DOE  sponsored  little  more  research  in  end-use  matching  and 
applications  analysis  for  solar  thermal  energy.  However,  at  least  one  sig¬ 
nificant  effort  was  undertaken  to  apply  these  same  methodologies,  with 
much  improved  application  data,  to  other  energy  supply  technologies. 
Under  the  Assistant  Secretary  for  Conservation  and  Renewable  Energy 


Table  6.2 

Matching  of  solar  thermal  technologies  to  industrial  markets 
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(Office  of  Industrial  Programs),  General  Energy  Associates  (GEA)  eval¬ 
uated  the  plant-specific  potential  for  sixteen  different  cogeneration  fuel- 
technology  combinations  in  U.S.  industry  (GEA,  1983).  GEA  used  the 
database  it  had  compiled  as  part  of  a  previous  DOE  contract  concerning 
waste  heat.  This  database,  comprising  10,000  U.S.  industrial  plants,  un¬ 
doubtedly  the  most  complete  and  detailed  database  of  industrial  process 
energy  requirements  ever  assembled,  was  instrumental  in  the  effective 
application  of  end-use  matching  techniques  by  GEA. 

As  part  of  this  study,  cogeneration  fuel-technology  combinations  were 
matched  to  plant-specific  energy  requirements  on  the  basis  of  total  plant 
heat  requirements.  An  appropriately  sized  cogeneration  system  was  then 
evaluated  on  the  basis  of  return  on  investment  (considering  both  fuel  and 
power  savings  as  well  as  excess  power  sales  revenue),  and  all  combina¬ 
tions  were  then  screened  to  identify  those  exceeding  a  minimum  return 
criterion.  The  GEA  study  identified  3,131  plant  sites  (over  30%  of  the 
total)  that  exceeded  the  minimum  7%  real  return  on  investment  crite¬ 
rion.  The  study  also  used  forecasts  for  each  industry  and  region  to  predict 
potential  energy  savings  resulting  from  industrial  cogeneration  through 
the  year  2000. 

The  GEA  study  was  completed  in  1983.  No  other  extensive  applications 
of  end-use  matching  methodologies  under  DOE  sponsorship  are  docu¬ 
mented  from  1982  to  1984. 

6.3  Major  Program  Elements  and  Development  of  Methodologies 

The  results  of  some  applications  analysis  programs  briefly  mentioned 
earlier  deserve  special  attention  in  the  context  of  discussing  the  technical 
requirements  review  of  solar  thermal  technologies.  These  program  ele¬ 
ments  constitute  examples  of  particularly  important  methodological  ad¬ 
vances  in  applications  analysis  for  solar  thermal  energy.  The  following 
subsections  discuss  these  advances  in  more  detail,  including  application 
analysis  of  large  power  systems  and  the  resultant  repowering  strategy  anal¬ 
ysis,  industrial  process  heat  end-use  matching,  industrial  requirements 
analysis,  case  studies,  and  geographic  suitability  analysis. 

6.3.1  Applications  Analysis  for  Large  Power  Systems 

Often  the  specific  goal  of  a  technology-related  market  study  is  to  define 
application  characteristics  of  a  portion  of  the  market  best  suited  to  a 
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solar  technology  and  thereby  to  identify  additional  technology  develop¬ 
ment  needed  to  increase  penetration  of  that  market.  Studies  of  this  sort 
were  an  important  part  of  the  Solar  Central  Recover  Program  of  DOE, 
managed  by  Sandia  National  Laboratories  (Livermore).  Initial  directions 
in  this  program  emphasized  applications  to  the  utility  market,  where 
well-defined  and  consistent  market  requirements  could  be  identified. 

Interest  in  potential  application  of  central  receiver  technology  to  indus¬ 
trial  process  heat  (IPH)  applications  began  in  FY  1979.  Aerospace  per¬ 
formed  basic  research  on  high-temperature  IPH  applications  (Aerospace 
Corp.,  1978a;  Aerospace  Corp.,  1979a)  while  SERI  (Wright  and  Dough¬ 
erty,  1979)  informally  reviewed  the  feasibility  of  certain  moderately  high- 
temperature  applications.  These  studies  and  others  were  reviewed  by 
Sandia  (Fish,  1980)  to  establish  a  basis  for  applicable  industrial  markets 
in  the  DOE  program.  Sandia’s  report  notes  the  applicability  of  central  re¬ 
ceiver  equipment  to  two  classes  of  IPH  requirements:  direct  production 
of  process  steam  and  preheating  of  combustion  furnace  air  or  heat  trans¬ 
fer  fluids.  In  particular,  the  Sandia  review  suggests  central  receiver  sys¬ 
tems  for  providing  process  steam  [below  550  F  (290  C)]  and  heat  transfer 
fluid  preheating  [<1,200°F  (650°C)]  to  oil  refineries  and  air  preheating 
[up  to  1,000°F  (540°C)]  to  lime  calcining.  The  report  does  not  address  a 
specific  matching  methodology  but  does  note  the  need  to  address  tech¬ 
nological  problems  of  storage,  receiver  cost  versus  exit  temperature,  and 
general  economic  barriers. 

The  effect  of  receiver  exit  temperature  on  the  cost  of  the  overall  system 
led  Sandia  Laboratories  to  question  the  actual  distribution  of  tem¬ 
perature  requirements  and  on-site  energy  needs  at  various  sites.  Analyses 
by  Sandia  Laboratories  (Iannucci,  1981)  used  data  from  the  Census  of 
Manufacturers  and  other  sources  to  estimate  the  distribution  of  IPH 
usage  by  size  and  end-use  temperature.  Data  were  extracted  from  the 
comprehensive  work  by  Energy  and  Environmental  Analysis,  Inc.  (1979). 
which  compiled  information  on  the  thirty-nine  largest  energy-consuming 
industries  in  the  United  States  from  U.S.  Census,  FEA  Major  Fuel  Burn¬ 
ing  Installation,  and  Bureau  of  Mines  surveys.  Data  used  in  establishing 
the  energy  consumption  distributions  were  adjusted  for  feedstock  fuel 
consumption  in  iron  and  steel  and  in  ethylene  production  but  were  not 
adjusted  for  electrical  energy  use  (estimated  by  Iannucci  to  be  only  10% 
ot  energy  use)  or  for  other  non-IPH  usage.  The  study  considered  actual 
data  representing  about  67%  of  total  manufacturing  energy  consumption 
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(Iannucci,  1981).  Iannucci’s  estimates  of  plant  energy  demand  were  not 
based  on  actual  individual  facility  data.  Instead,  the  energy  demand  rat¬ 
ing  was  calculated  on  the  basis  of  an  “average”  industrial  plant  assumed 
to  operate  for  8,760  hours  per  year  at  a  constant  energy  demand  rate. 

From  this  study,  Iannucci  concluded  that  a  significant  fraction  of  the 
total  number  of  industrial  energy-using  facilities  are  less  than  3  MWt  in 
size  and  consume  end-use  heat  at  less  than  450°F  (30°C)  (see  figure  6.3). 
On  the  other  hand,  a  substantially  greater  portion  of  energy  consumed  by 
industry  is  utilized  at  much  higher  temperatures  and  in  larger  facilities 
(see  figure  6.4).  More  than  70%  of  the  energy  consumed  is  used  in  facilities 
between  30  MWt  and  300  MWt.  Furthermore,  the  study  indicates  that 
food  processing  is  generally  conducted  in  smaller  facilities  with  low  tem¬ 
perature  requirements  (except  for  wet  corn  milling  and  sugar  refining). 
Petroleum  refining,  chemical  processing,  glass  manufacturing,  and  iron 
and  steel  applications  are  predominantly  conducted  in  larger  facilities 
with  higher  temperature  requirements. 

6.3.2  Repowering  Program  and  Applications  Analysis 

In  a  technical  and  economic  assessment  study  completed  by  the  Public 
Service  Co.  of  New  Mexico  in  1978  (Public  Service  Co.  of  New  Mexico, 
1978)  market  analysis  was  provided  that  identified  significant  opportu¬ 
nities  in  “repowering,”  the  partial  substitution  of  central  receiver  thermal 
plants  for  input  heat  at  existing  electric  generating  stations.  Additional 
analysis  of  utility  and  industrial  repowering  market  potential  provided  by 
the  MITRE  Corporation  (MITRE  Corporation,  1978;  and  Curto,  1978) 
and  Battelle  (Hall,  1977)  indicated  that  the  repowering  market  might 
exist  for  industrial  installations  as  well  as  electric  power.  Convinced  of 
the  overall  market  potential,  DOE  began  a  program  of  site-specific  de¬ 
sign  studies  (which  were  expected  to  lead  to  a  limited  number  of  actual 
cofunded  demonstrations)  rather  than  more  extensive  market  analyses. 
The  site-specific  studies  considered  technical  and  economic  applications 
and  can  be  considered  case  studies  for  central  receiver  technologies.  The 
participants  and  locations  of  each  of  these  case  studies  are  shown  in 
tables  6.3  and  6.4. 

The  original  conceptual  design  studies,  including  eight  utility  repower¬ 
ing  designs  and  six  industrial  retrofit  designs  completed  between  1980 
and  1981,  were  summarized  in  a  report  published  by  Sandia  Laboratories 
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Size  of  facility,  MWthermal 


Figure  6.3 

Distribution  of  number  of  facilities  by  size  and  temperature  (lannucci.  1981.  p.  13). 


Quadrillion  Btu  of  industrial  energy  (1972) 
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Figure  6.4 

Distribution  of  energy  consumed  at  facilities  by  size  and  temperature  (Iannucci,  1981,  p.  14). 
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in  June  1982  (Gibson,  1982).  DOE  did  not  identify  the  type  of  technol¬ 
ogy,  application,  or  location  to  be  considered;  therefore  there  were  sig¬ 
nificant  differences  in  actual  design.  All  of  the  selected  sites  are  in  the 
southwestern  United  States. 

The  conceptual  designs  illustrated  the  wide  variety  of  system  technol¬ 
ogy  configurations  that  would  be  suitable  among  the  numerous  location 
and  application  combinations  throughout  the  United  States.  None  of  the 
designs  demonstrated  compelling  economic  merit  (although  some  appli¬ 
cations  were  marginally  acceptable  with  moderate  government  cost  sub¬ 
sidies).  More  important,  these  studies  illustrated  the  technical  and  eco¬ 
nomic  factors  crucial  to  eventual  commercialization  of  the  technology. 
These  factors  can  be  added  to  a  growing  list  of  important  criteria  in  solar 
technology  end-use  matching  (see  table  6.5). 

Two  major  results  of  the  conceptual  design  studies  emphasize  factors 
that  influence  the  ability  to  match  solar  technology  to  applications.  First, 
the  temporal  nature  of  plant  operations  (including  overall  system  dis¬ 
patch  in  the  case  of  power  generation)  is  extremely  important  in  facilitat¬ 
ing  system  compatibility  and  design.  Second,  end-users  review  alternative 
energy  systems  with  respect  to  the  same  economic  factors  affecting  fuel 
availability,  cost,  and  capital  financing.  Solkr  thermal  systems  are  only 
one  of  a  number  of  alternatives  available.  Users  indicated  that  the  eco¬ 
nomic  merit  of  solar  retrofit  must  be  compared  to  other  fuel-saving  or 
switching  options  (such  as  coal-fired  generation  or  conservation).  To  be 
the  preferred  option,  a  solar  retrofit  investment  must  provide  returns 
greater  than  these  other  options,  not  simply  net  savings  against  current 
fuel-use  patterns. 

The  substantial  body  of  applications  analysis  and  system  design  work 
for  solar  central  receiver  systems  done  by  Sandia  Laboratories  during 
this  period  was  summarized  in  a  design  guide  (Battleson.  1981).  This  re¬ 
port  addresses  site  selection  and  system  configuration  criteria,  including 
insolation,  land,  water,  and  storage  requirements.  Although  Battleson 
treats  insolation  and  gross  land  and  water  requirements  generally,  he  in¬ 
troduces  a  detailed  list  of  site  selection  criteria  that  should  be  considered 
in  complete  application  analyses  of  central  receiver  systems. 

Battleson  also  discusses  general  criteria  for  the  minimum  economic  size 
ot  a  solar  electric  application  (100—400  MWe)  and  the  expected  number 
ol  heliostats  and  tower  height  for  representative  applications  by  output 
power.  Although  not  discussed  in  this  report,  electric  repowering  retrofit 


Table  6.5 

Technical  and  economic  factors  influencing  the  acceptability  of  central  receiver  technology  in  repowering  or  industrial  retrofit  applications 
Technical  factors  Economic  factors 
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applications  probably  have  a  significantly  smaller  minimum  economic 
size  (approximately  50  MWe)  than  stand-alone  solar  thermal  power 
plants.  Industrial  retrofit  applications  have  an  eveq  smaller  economic  size 
because  substantial  thermal  storage  is  generally  not  required. 

6.3.3  End-Use  Matching 

The  market  studies  of  MITRE  Corporation,  InterTechnology,  and  Bat- 
telle  catalyzed  interest  in  the  development  of  solar  thermal  technologies 
to  supply  industrial  process  heat.  However,  the  approach  adopted  in 
these  studies  did  not  go  far  enough  in  identifying  specific  near-term  op¬ 
portunities  for  solar  IPH  by  attempting  to  match  system  configurations 
with  plant-specific  energy  needs  on  a  broad  scale.  Although  it  is  difficult 
to  predict  actual  aggregate  market  penetration,  one  could  estimate  prime 
market  applications  and  thus  provide  targets  for  commercial  develop¬ 
ment.  This  modification  of  purpose,  from  one  concerned  with  absolute 
energy  displacement  estimates  to  one  concerned  only  with  the  “targeting” 
of  primary  markets,  is  a  key  distinction  between  market  analysis  and  end- 
use  matching. 

During  late  1977  analysts  at  SERI  began  to  formulate  a  research  pro¬ 
gram  plan  for  evaluating  IPH  markets  byx  end-use  matching.  Kreith. 
Lameiro,  and  Brown  (1977)  introduced  the  end-use  matching  approach 
in  a  paper  that  demonstrated  the  need  to  match  solar  system  designs  in  a 
given  location  with  both  quantity  and  quality  of  energy  service  demands. 
This  initial  research  resulted  in  the  design  of  a  program  to  delineate  an 
end-use  matching  methodology.  As  stated  in  a  SERI  program  summary 
published  in  April  1978,  the  purpose  of  end-use  matching  was  to  “provide 
a  coarse  map  of  selected  industrial  plant  sites  with  suitable  solar  process 
heat  systems  matched  to  those  plant  requirements,  and  an  analysis  of 
their  costs.”  In  addition,  SERI  saw  the  need  to  refine  further  this  coarse 
mapping  through  case  studies  of  selected  sites  and  used  such  case  study 
information  to  help  select  promising  collector  technologies  and  define 
crucial  research  needs  (Lameiro  and  Brown,  1978). 

figure  6.5  shows  SEREs  overall  program  approach  adopted  for  end- 
use  matching.  This  program  approach  emphasized  the  need  for  both 
“industrial  acceptance  case  studies”  and  for  “plant  site/system  map¬ 
ping,”  which  later  became  important  aspects  of  solar  IPH  application 
analysis  at  SERI  and  elsewhere.  The  program  diagram  also  points 
out  the  importance  of  data  gathering  (IPH  technical  requirements,  eco- 
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Figure  6.5 

End-use  matching  program  approach. 
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nomic  factors,  and  collector  equipment  information)  to  end-use  match¬ 
ing.  SERI  identified  the  need  to  establish  locations,  minimum  terminal 
process  temperatures,  minimum  heat  rates,  process  parameters,  oper¬ 
ation  schedules,  and  reliability  requirements  for  a  large  number  of 
standard  industrial  classified  (SIC)  industries.  These  data  were  part  of  an 
industrial  process  heat  database  (iphdb),  the  basic  contents  of  which  are 
outlined  in  table  6.6.  In  addition,  SERI  established  a  fuel  price  index  by 
location  and  a  collector  equipment  manufacturers’  database.  A  com¬ 
puterized  evaluation  model  for  solar  system  performance  was  proposed 
to  select  the  least-cost  system  satisfying  the  specific  IPH  requirements 
found  in  the  database.  This  selection  process  was,  by  definition,  end-use 
matching. 

After  considerable  development  work  on  a  suitable  solar  system  per¬ 
formance  model  and  data  collection  effort  to  supply  minimum  require¬ 
ments,  SERI  produced  a  set  of  results  for  six  selected  locations  in  early 
1980  (Brown  et  al.,  1980).  Figure  6.6  illustrates  the  process  that  led  to 
these  results.  Although  the  results  of  this  study  were  limited,  SERI  was 
successful  in  developing  and  implementing  a  methodology  for  effective 
end-use  matching.  The  project  identified  some  viable  applications  that 
were  normally  obscured  in  other  studies  and  helped  to  distinguish  the 
feasibility  of  applications  in  different  locations,  even  though  actual  pro¬ 
cess  and  system  selections  were  limited  to  available  site-specific  data. 

SERI  identified  four  factors  that  governed  the  technical  and  economic 
feasibility  of  supplying  IPH  from  a  solar  thermal  system:  adequate  quan¬ 
tity  of  delivered  heat,  adequate  quality  (that  is.  temperature  and  medium) 
of  delivered  heat,  the  means  to  transfer  heat  from  collector  source  to  pro¬ 
cess,  and  relative  cost  (or  economic  feasibility)  of  delivered  heat  using  the 
system  (Brown  et  al.,  1980).  SERI’s  method  sought  to  selectively  match 
solar  thermal  IPH  systems  to  industrial  processes  in  various  cities  by  con¬ 
sidering  system  performance  and  economics  against  each  of  these  factors. 

To  perform  such  end-use  matching,  a  requirements  analysis  was  per¬ 
formed  on  elements  of  industrial  process  needs  (quantity,  quality,  and 
schedule),  collector  delivery  potential,  and  economics  (competing  fuel 
cost,  system  installed  cost,  etc.).  The  potential  complexity  of  these 
specific  comparisons  and  the  number  of  such  comparisons  that  might  be 
required  (there  are  some  200,000  individual  manufacturing  plants  in  the 
United  States,  well  over  1,000  processes  that  might  be  encountered,  and  a 
multitude  of  solar  collector  and  system  combinations  available)  argued 
for  use  of  a  computerized  approach  to  such  end-use  matching. 
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Table  6.6 

Contents  of  the  Industrial  Process  Heat  Data  Base  (iphdb)  proposed  by  SERI  and  used  in 
end-use  matching 


Label 

Description  or  comment 

SIC 

ALPHA 

NAME 

TMP 

HEATR 

FLOWR 

SAE 

SYS 

Standard  Industrial  Classification  code  describing  process 
Alphanumeric  character  to  distinguish  segmented  process 
Description  of  industry 

Required  process  temperature  (°C  or  °F) 

Required  process  heat  rate  (MW  or  MBtu/h) 

Maximum  required  steam  flow  rate  (kg/s  or  103  lb/h) 
Standard  annual  energy  use  [1013  J/yr  or  1010  Btu/yr) 
Possible  solar  systems,  in  order  of  applicability 

1  Direct  hot  water 

2  Indirect  hot  water 

3  Direct  hot  air 

4  Indirect  hot  air 

5  Steam  flash 

6  Steam  generator 

BF 

Backup  fuel 

1  Natural  gas 

2  Electricity 

3  Oil 

4  Coal 

OP 

Operation  schedule 

1  Continuous  process 

2  Batch  process 

SOP 

Seasonal  operation 

0  Continuous 

1  Seasonal 

ENERGY 

UNIT 

Energy  required  per  unit  of  industrial  output 

Unit  of  production  for  ENERGY 

Source:  Brown  (1980,  p.  17). 
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COLDAT 


Figure  6.6 

End-use  matching  process:  relationships  between  models  and  data  (Stadjuhar.  1981.  p.  3). 


The  computer  approach  used  consisted  of  two  main  programs:  a  long¬ 
term  average  performance  evaluation  for  solar  1PH  systems,  known  as 
prosys,  and  an  economic  analysis  routine  and  system  matching  selector, 
known  as  econmat.  SERI  developed  these  two  programs  and  their 
databases  between  1978  and  1981.  Researchers  used  the  system  to  pro¬ 
vide  market  data  in  test  data  situations  with  six  cities  and  in  response  to 
certain  private  requests  directed  to  the  program.  SERI  published  the 
computer  programs  in  1981  as  a  software  package  with  a  user's  guide 
(Stadjuhar,  1981). 

This  first  and  most  extensive  survey  of  solar  I  PH  feasibility  through 
end-use  matching  concluded  that  the  accuracy  of  prosys  and  econmat  as 
a  means  for  end-use  matching  was  directly  dependent  on  the  accuracy 
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Figure  6.7 

Annual  energy  output  of  several  collector  types  over  a  range  of  temperatures  for  Fresno, 
California  (Brown  et  al.,  1980,  p.  88). 


and  completeness  of  input  data  (particularly  with  regard  to  industrial  en¬ 
ergy  use).  Furthermore,  the  limitations  of  prosys  as  a  simulation  tool 
were  important  in  interpreting  the  results,  because  prosys  is  neither  a 
dynamic  simulation  model  nor  a  detailed  system  heat  balance  analyzer. 

Further  refinements  of  prosys  resulted  in  improvement  of  its  accuracy 
to  within  10%  of  other  solar  system  performance  simulation  models — a 
significant  accomplishment  considering  the  simplicity  of  the  initial  basis 
of  solar  performance  evaluation  (Stadjuhar,  1981).  prosys  is  based  on 
a  generalized  collector  performance  model,  which  is  based  on  the  “uti- 
lizability”  concept  advanced  by  Rabl  and  Collares-Pereira  (Rabl  and 
Gordon,  1982;  Collares-Pereira  and  Rabl,  1979).  prosys  assumes  a  con¬ 
stant,  average  working  temperature  for  the  collector  and  approximates 
system  heat  and  parasitic  power  losses  not  associated  with  the  collector, 
but  it  does  not  model  storage,  prosys  was  modified  after  its  initial  end- 
use  matching  applications  to  accommodate  single-application  sensitivity 
analyses  and  case  studies. 

prosys  and  econmat  yielded  the  site-specific  performance  charts 
shown  in  figure  6.7,  which  were  produced  when  collector-system  com- 
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binations  were  tested  against  a  variety  of  IPH  temperature  requirements. 
prosys  and  econmat  also  yielded  a  histogram  of  application  SIC  codes  in 
a  given  range  of  cost  (where  cost  is  that  of  the  least-cost  matching  solar 
system),  which  was  of  more  use  to  those  interested  in  targeting  available 
markets  (see  figure  6.8).  These  histograms  yield  intuitive  as  well  as 
specific  information  for  market  analyses. 

In  view  of  the  initial  successes  and  limitations  of  end-use  matching  for 
solar  energy,  SERI  recommended  more  definition  of  industrial  energy  re¬ 
quirements,  more  specific  capabilities  for  prosys,  more  information  on 
solar  IPH  system  costs,  and  more  utilization  of  case  studies  in  supporting 
solar  thermal  research  and  development.  These  recommendations  were 
pursued  through  continuing  research  programs  in  IPH  applications  at 
SERI  and  elsewhere  from  1981  to  1982. 

6.3.4  Industrial  Energy  Requirements  Analysis 

FEA,  ERDA,  and  DOE  sponsored  a  number  of  industrial  energy  re¬ 
quirements  studies  between  1974  and  1981  to  support  the  solar  IPH.  total 
energy,  and  solar  small  power  systems  programs,  as  well  as  ongoing  pro¬ 
grams  in  conservation  and  geothermal  energy.  Although  information  in 
many  of  these  studies  was  useful,  some  data  necessary  for  evaluating 
solar  process  heat  system  performance  in  applications  analysis  were  not 
readily  available.  The  lack  of  available  data  was  cited  as  a  constraint  to 
effective  end-use  matching  in  the  study  by  SERI  (Brown  et  al.,  1980)  and 
a  general  program  need  in  both  the  Solar  Thermal  Power  and  A I  PH  pro¬ 
grams.  Near  the  end  of  1978  SERI  coordinated  and  integrated  industrial 
energy  requirements  studies  with  several  DOE  contractors,  resulting  in  a 
report  issued  in  October  1979  (Green,  1979).  Although  the  report  out¬ 
lined  a  program  for  coordinating  industry  contacts  and  sharing  data,  not 
all  entities  actively  participated. 

Contractors  involved  in  these  early  discussions  on  industrial  energy 
use  carried  out  a  variety  of  separate  studies  with  divergent  objectives. 
McDonnell-Douglas,  for  example,  collected  fairly  detailed  data  on  a 
small  number  of  industries  as  part  of  its  study  in  support  of  total  energy 
mission  analysis  (McDonnell  Douglas  Astronautics,  1977).  A  subsequent 
contract  in  1978  supported  additional  industrial  demand  studies,  which 
investigated  modularization  approaches  for  total  solar  energy  systems. 
Insights  West  studied  industrial  energy  use  and  industry  attitudes  among 
manufacturers  in  southern  California  between  1975  and  1979  for  the 
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Figure  6.8 

Ranking  of  solar  IPH  applications  in  Fresno,  California,  on  the  basis  of  energy  capacity 
cost.  The  numbers  on  the  bars  are  SIC  codes.  1980  dollars  x  1.303  =  1985  dollars.  From 
Brown  et  al.  (1980,  p.  94). 
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Southern  California  Gas  Company  and  the  Gas  Research  Institute.  These 
studies,  which  covered  industrial  plants  within  a  “most  likely”  category, 
included  field  interviews  from  two  hundred  selected  plants  across  the 
nation  and  the  development  of  a  “matching  matrix”  of  available  solar 
hardware  to  process  heat  requirements  (Insights  West,  1980).  The  In¬ 
sights  West  studies  were  unique  in  their  attention  to  owners’  perceptions 
of  decision  factors  (economic),  attitudes,  and  identification  of  suitable 
applications.  Insights  West  continued  this  type  of  fact-finding  field  inter¬ 
view  for  SERI  after  1980  (Wilson,  Williams,  and  Ball,  1981). 

The  Jet  Propulsion  Laboratory  (JPL)  reviewed  potential  commercial 
and  industrial  applications  of  solar  energy  in  California  through  twenty- 
five  field  interviews  (Barbieri  and  Pivirotto,  1978).  This  review  was  fol¬ 
lowed  by  case  studies  of  selected  applications  (French  and  Bartera.  1978) 
and  a  survey  of  solar  thermal  cogeneration  applications  in  twelve  loca¬ 
tions  in  California.  JPL  also  cooperated  in  a  study  of  solar  applications 
for  heating  buildings  conducted  between  1972  and  1979  with  the  Southern 
California  Gas  Company  (SAGE  Project). 

The  Aerospace  Corporation  studied  both  high-temperature  process 
heat  and  industrial  on-site  power  applications  for  DOE.  Data  collection 
efforts  in  both  studies  included  extensive  telephone  surveys,  analyses  of 
Federal  Power  Commission  forms,  and  site  surveys.  Aerospace  surveyed 
industrial  power  requirements  of  409  companies  with  small  (less  than  10 
MWe)  generating  units  and  obtained  information  on  peak  and  average 
power  requirements,  scheduling,  and  fuel  costs  (Aerospace  Corp..  1978a; 
Aerospace  Corp.,  1979a).  They  also  conducted  field  surveys  of  IPH  po¬ 
tential  in  primary  metals,  paper  and  pulp,  stone,  clay,  and  glass  industries 
in  FYs  1978  and  1979.  These  surveys  were  followed  by.  fourteen  selected 
application  reviews  that  analyzed  investment  criteria,  land  availability, 
schedule,  and  investment  attitude  issues  (Aerospace  Corp.,  1979a). 

Lawrence  Livermore  Laboratories  studied  industrial  energy  require¬ 
ments  (and  applications  analysis)  in  1977,  reviewing  the  suitability  of 
solar  process  heat  technology  in  ten  industrial  operations  (Casamajor 
and  Wood,  1978).  The  operations  studied  were  selected  from  those  in¬ 
dustries  identified  as  having  “excellent”  prospects  in  the  InterTechnology 
(Fraser,  1977)  and  Battelle  (Hall,  1977)  studies.  The  eighteen-month  field 
study  revealed  the  need  to  check  the  general  findings  of  these  studies  to 
accurately  assess  their  validity  for  long-range  program  planning  at  DOE. 

Lawrence  Livermore  decided  to  approach  this  need  for  additional  in- 


End-Use  Matching  and  Applications  Analysis  Methodologies 


243 


formation  on  industrial  plant  sites  by  industry  and  region.  To  initiate 
this  process,  Lawrence  Livermore  was  engaged  by  DOE  to  survey  food¬ 
processing  plants  in  a  five-state  western  area  (Arizona,  California, 
Hawaii,  Oregon,  and  Washington).  The  survey  concentrated  on  land  and 
roof  availability  for  solar  thermal  systems  at  each  of  the  1,330  food¬ 
processing  plants  located  in  the  area.  The  research  began  by  reviewing  all 
plants  identified  by  a  commercial  plant-site  database  and  estimating  the 
plants’  annual  energy  consumption  through  correlations  with  data  from 
the  Census  of  Manufacturers.  The  estimated  solar  collector  area  required 
to  supply  at  least  25%  of  the  estimated  annual  energy  requirement  for 
each  plant  was  checked  against  available  adjacent  land  and  roof  area. 
Lawrence  Livermore  concluded  (Casamajor,  1980)  that  the  basic  poten¬ 
tial  for  displacing  conventional  energy  resources  by  solar  IPH  systems 
(in  the  food-processing  industry)  is  limited  to  only  25%  of  the  apparent 
market  because  of  land  or  roof  area  constraints  alone.  Furthermore,  the 
study  notes  that  site-specific  inspections  are  mandatory  for  an  accurate 
understanding  of  industrial  energy  requirements  and  constraints.  This 
implies  that  a  monumental  data  collection  effort  would  be  required  to 
fulfill  complete  applications  analysis  data  needs. 

In  addition  to  informally  coordinating  data  collection  efforts  for  in¬ 
dustrial  energy  analysis,  SERI  also  conducted  several  industrial  energy 
studies  under  its  own  management  in  FY  1978  through  FY  1981.  The 
first  of  these  was  an  overview  of  data  availability  and  suitability  for  manu¬ 
facturing  energy  analysis  (Ketels  and  Reeves,  1978,  1979).  This  study 
used  data  from  the  Census  of  Manufacturers,  as  well  as  the  results  of 
other  solar  energy  applications  studies,  to  rank  manufacturing  industries 
by  three-  and  four-digit  SIC  codes  in  terms  of  energy  consumption,  loca¬ 
tion,  and  temperature  regime.  These  rankings,  along  with  other  process- 
specific  data,  were  used  to  help  select  promising  industry  categories  for 
further  applications  analysis.  For  example,  Wright  and  Dougherty  (1979) 
used  these  data  to  assess  the  technical  feasibility  of  key  markets  for  solar 
IPH  in  the  temperature  range  of  550°  to  1,100°F  (290°-590°C).  Their 
study  concluded  that,  despite  the  large  energy  consumption  in  this  range, 
the  unsuitability  of  solar  thermal  systems  to  supply  petroleum  refining 
energy  needs  (which  accounts  for  98%  of  overall  energy  requirements) 
leaves  only  a  small  potential  market  for  actual  solar  applications  in  that 
temperature  range. 

To  supplement  and  extend  this  work  on  industrial  energy  requirments, 
SERI  initiated  research  in  November  1979  to  develop  reliable  data  on 
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current  and  future  industrial  energy  demands,  end-uses,  and  costs,  and  to 
synthesize  information  on  future  energy  needs  in  the  industrial  sector  by 
state,  four-digit  SIC  categories,  end  uses,  and  temperature  ranges.  This 
initial  study  is  summarized  in  a  three-volume  report  published  in  1980 
(Krawiec  and  Limaye,  1980).  The  study  characterized  energy  demand  b\ 
fuel  type  and  cost  within  all  four-digit  manufacturing  categories  in  fifteen 
selected  states.  Fuel-use  intensity  and  expected  growth  factors  were  also 
included  in  the  database.  Projected  energy  requirements  were  calculated 
using  state  energy  models  developed  by  the  research  contractor,  Synergic 
Resources  Corporation. 

These  research  activities  were  continued  into  FY  1981.  The  major 
objectives  of  this  continuing  research  were  to  (1)  refine  industrial  energy 
requirements  by  two-  and  four-digit  SIC  categories,  end-uses,  and  tem¬ 
perature  ranges  for  the  fifteen  states  considered  in  the  FY  1980  study 
using  data  from  the  1977  Census  of  Manufacturers;  (2)  develop  industrial 
energy  requirements  by  two-  and  four-digit  SIC,  end-use,  and  temperature 
ranges  for  the  thirty-five  states  not  considered  in  the  FY  1980  study  using 
data  from  the  1977  Census  of  Manufacturers  data;  and  (3)  integrate  base 
year  (1977)  data  and  projections  (1990)  for  the  industrial  mix  in  each 
state  to  obtain  the  temperature  distribution  for  industrial  energy  utiliza¬ 
tion  at  the  state  and  national  level. 

The  1980  and  1981  research  results  were  presented  in  a  three-volume 
report  published  in  1981  (Krawiec  and  Limaye,  1981).  This  report  updated 
state-level  energy  price  forecasts  using  assumptions  incorporated  into 
DOE’s  1980  Annual  Report  to  Congress.  This  report  also  generated  en¬ 
ergy  end-use  profiles  for  primary  temperature  intervals  of  hot  water, 
steam,  and  hot  air  end-uses.  This  extension  of  the  database,  which  con¬ 
siders  end-use  profiles,  is  a  major  advance  in  establishing  industrial  re¬ 
quirements  analysis. 

6.3.5  Industrial  Case  Studies 

An  important  conclusion  of  both  end-use  matching  and  other  market  iden¬ 
tification  studies  is  that  detailed,  site-specific  information  is  necessary  in 
making  well-defined  selections  of  technology  for  industrial  applications. 
Although  excessive  attention  to  the  details  of  specific  cases  defeats  the 
purpose  of  broader  end-use  matching,  researchers  find  that  well-selected 
case  studies  add  a  knowledge  of  typical  opportunities  and  constraints 
that  can  often  be  generalized  and  applied  to  end-use  matching. 
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SERI  researchers  studied  two  local  industries  as  part  of  the  original 
end-use  matching  program  in  1979  (Brown  et  al.,  1980)  and  conducted  an 
additional  seven  case  studies  the  following  year  (Hooker,  May,  and  West, 
1980).  Hooker  used  prosys  and  econmat  to  determine  the  appropriate 
size  and  annual  performance  and  costs  of  solar  thermal  systems  for  manu¬ 
facturers  in  crude  oil  extraction,  containers,  wet  corn  milling,  polymeric 
resins,  fluid  milk,  baking,  and  meat  processing.  Hooker  found  few  eco¬ 
nomical  applications  for  the  near  term.  Economical  applications  generally 
resulted  from  special  or  unusual  circumstances,  such  as  poor  existing 
fuel-use  efficiency.  However,  the  results  of  this  study  spawned  related  re¬ 
search  in  a  number  of  areas.  For  example,  researchers  at  SERI  later  pub¬ 
lished  several  papers  (May  and  Hooker,  1980;  May,  1980a,b)  on  applying 
solar  energy  to  certain  unit  operations  in  industry.  These  papers  demon¬ 
strated  the  benefits  of  modifying  certain  industrial  process  operations 
(such  as  air-drying  procedures  and  high-pressure  hot  water  heat  ex¬ 
changers)  to  enhance  the  feasibility  of  solar  applications. 

As  part  of  this  research,  May  (1980c)  observed  that  applying  solar 
thermal  energy  to  certain  operations,  such  as  the  high-temperature  cata¬ 
lytic  and  distillation  processes  of  petroleum  refining,  does  not  satisfy  in¬ 
dustry  operational  requirements  despite  the  apparent  compatibility  of 
temperature  regime.  Table  6.7  summarizes  the  factors  that  favor  the  ap¬ 
plication  of  solar  thermal  systems  to  industrial  needs.  This  list  of  factors, 
a  significant  result  of  the  SERI  case  study  program,  provides  an  extended 
list  of  criteria  applicable  to  future  end-use  matching  efforts. 

SERI  was  not  the  only  organization  to  find  the  case  study  approach  of 
merit  in  defining  the  applicability  of  solar  energy  to  industry.  JPL  per¬ 
formed  one  of  the  earliest  set  of  case  studies  in  1978  (French  and  Bartera, 
1978)  on  behalf  of  the  state  of  California.  As  with  the  SERI  studies,  four 
industries  were  selected  for  detailed  study  after  a  more  extensive  review 
of  industrial  solar  applications  statewide  (Barbieri  and  Pivirotto,  1978). 
JPL  found  that  retrofit  costs  and  performance  varied  widely  among  ap¬ 
plications  and  that  a  number  of  technology  developments  would  be  neces¬ 
sary  to  achieve  economic  performance.  The  ability  of  a  plant  to  fully 
utilize  the  process  heat  provided  by  a  solar  system  was  also  found  to  be  a 
serious  issue. 

Regional  case  studies  were  also  conducted  by  several  regional  solar 
energy  centers,  including  an  extensive  survey  of  fourteen  selected  appli¬ 
cations  by  the  Mid-America  Solar  Energy  Complex  (MASEC)  and  asso- 


Table  6.7 

Factors  favoring  the  application  of  solar  IPH  systems 

Environmental  factors  Process  factors  Economic  factors  Company  factors 
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dated  regional  assessment  analyses  (Murray,  1980a,b;  Mid- America 
Solar  Energy  Complex,  1981).  The  Southern  Solar  Energy  Center  also 
used  selected  case  studies  to  evaluate  the  economic  feasibility  of  solar 
thermal  IPH  (Montelione,  Boyd,  and  Branz,  1981). 

6.3.6  Applications  Mapping 

One  of  the  last  major  efforts  in  developing  and  implementing  methodol¬ 
ogies  for  end-use  matching  from  1972  to  1982  came  in  a  joint  project  by 
SERI  and  the  Colorado  School  of  Mines  (Turner  and  DeAngelis,  1981). 
This  project,  although  only  the  first  step  in  this  direction,  was  a  logical 
and  ultimate  extension  of  end-use  matching  to  the  actual  large-scale  map¬ 
ping  of  promising  solar  thermal  industrial  applications  using  criteria 
overlay  processes. 

Using  the  Generalized  Map  Analysis  Planning  System  (gmaps)  devel¬ 
oped  by  the  Colorado  School  of  Mines,  the  research  team  successively 
overlaid  twelve  market-matching  criteria  for  the  continental  United 
States  in  a  system  modeling  strategy,  shown  in  figure  6.9.  The  computer¬ 
ized  overlay  of  separate  maps  of  each  criterion  resulted  in  a  composite  map 
showing  relative  attractiveness  of  various  areas  of  the  United  States  for  a 
given  technology  (as  shown  for  parabolic  trough  technology  in  figure 
6.10).  The  authors  concluded  that,  although  such  an  analysis  is  useful  in 
identifying  prime  application  markets  for  solar  thermal  technology,  it 
must  be  combined  with  plant-specific  factors  to  indicate  actual  suitability. 
This  map  overlay  system,  in  conjunction  with  an  end-use  matching  sys¬ 
tem  using  discrete  plant  data  and  industrial  case  studies,  could  provide 
an  extremely  comprehensive  and  accurate  means  to  fulfilling  the  ultimate 
objectives  of  end-use  matching. 

6.4  Contributions  of  Applications  Analysis 

As  mentioned  in  the  beginning  of  this  chapter,  end-use  matching  and 
applications  analysis  became  extremely  important  elements  of  the  federal 
program  for  solar  thermal  energy,  particularly  with  respect  to  industrial 
applications,  because  of  the  ability  to  match  solar  output  (both  quality 
and  quantity)  to  specific  end-use  needs.  Indeed,  this  apparent  advantage 
of  solar  thermal  systems  over  conventionally  fueled  energy  systems  be¬ 
came  recognized  as  a  crucial  factor  in  the  market  viability  of  solar  in¬ 
dustrial  applications.  Because  of  the  relatively  high  capital  cost  of  solar 
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Figure  6.9 

Mapping  strategy  model  for  solar  thermal  process  heat  end-use  matching  (Turner  and 
DeAngelis,  1981 ). 


End-Use  Matching  and  Applications  Analysis  Methodologies 


249 


Figure  6.10 

Composite  “attractiveness  index”  map  for  parabolic  trough  technology  applied  to 
industrial  process  heat  (Turner  and  DeAngelis,  1980). 


250 


K.  C.  Brown 


thermal  technology,  solar  thermal  systems  must  exploit  every  advantage 
possible  in  competing  with  alternative  energy  supply  systems.  Matching 
solar  thermal  capabilities  to  the  specific  needs  of  energy  end-use  markets, 
in  conjunction  with  collector  cost  reduction  research,  became  key  ele¬ 
ments  of  the  federal  solar  energy  strategy  by  1980. 

The  research  programs  sponsored  between  1972  and  1982  in  the  field 
of  applications  analysis  and  end-use  matching  w'ere  beneficial  to  the 
overall  solar  thermal  program  in  six  major  respects: 

1.  They  provided  valuable  data  on  industrial  energy  use  and  operating 
practices.  Such  data  were  useful  not  only  to  the  solar  thermal  program 
but  also  to  other  energy  technology  and  conservation  programs. 

2.  They  resulted  in  a  better  understanding  of  the  factors  influencing  solar 
system  design,  selection,  and  competitiveness.  In  most  instances  this  un¬ 
derstanding  flowed  back  to  technology  development  programs. 

3.  They  provided  a  more  realistic  perspective  on  the  financial,  legal,  en¬ 
vironmental,  social,  and  economic  factors  affecting  solar  thermal  appli¬ 
cations  in  the  marketplace.  This  perspective  resulted  in  a  more  realistic 
appraisal  of  the  prospects  for  solar  technology  in  the  near  term. 

4.  They  identified  specific  application  opportunities  for  solar  thermal 
energy,  often  generating  immediate  industry  interest.  Furthermore,  the 
process  of  end-use  matching  analysis  often  brought  together  analysts  and 
industry  personnel  in  a  way  that  fostered  more  interest  in  the  technology. 

5.  They  led  to  case  studies  and  demonstration  programs  that  provided  a 
means  of  establishing  a  more  defined  link  between  specific  site  studies 
and  broader  market  penetration  analyses. 

6.  They  produced  logic  structures  and  computer-assisted  models  that 
apply  not  only  to  solar  thermal  technology  development,  but  also  to  de¬ 
velopment  and  marketing  of  many  other  alternative  technologies.  Further¬ 
more,  computerizing  these  systems  made  “market”  sensitivity  studies  of 
design  modifications  possible  for  the  first  time. 

In  summary,  the  development  of  end-use  matching  methodologies  bene¬ 
fited  the  formulation  of  more  effective  and  responsive  federal  programs 
for  research  and  development  in  solar  thermal  energy.  While  not  contri¬ 
buting  directly  to  the  displacement  of  conventional  fuels  by  solar  energy, 
these  studies  did  point  the  way  toward  markets  where  solar  energy  stood 
better  chances  of  successfully  competing  for  market  share.  Ultimately, 
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the  greatest  value  of  the  research  in  this  program  may  be  realized  in  other 
areas  of  technology  development  as  the  technology/application  selection 
process  in  the  United  States  becomes  increasingly  complex. 
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Robert  A.  Herendeen 

At  first  glance,  net  energy  analysis  (NEA)  is  an  attractive  and  reasonable 
concept.  Loosely  stated,  NEA  compares  the  energy  required  for  all  inputs 
in  developing  a  new  energy  technology  (energy  itself,  materials,  and  ser¬ 
vices)  with  the  energy  that  the  technology  will  eventually  produce.  In  par¬ 
ticular,  NEA  reflects  the  fear  that  certain  technologies  could  end  up 
being  net  energy  users  rather  than  producers.  Furthermore,  some  prac¬ 
titioners  of  net  energy  analysis  claim  that  standard  economic  analysis  will 
not  always  indicate  this  problem  (especially  if  subsidies  are  involved)  and 
that  therefore  net  energy  analysis  should  be  carried  out  largely  indepen¬ 
dently  of  economic  analysis  (Herendeen,  Kary,  and  Rebitzer,  1979).  How¬ 
ever,  the  usual  argument  is  that  a  net  energy  analysis  is  a  supplement  to, 
not  a  substitute  for,  economic  analysis  in  decision  making. 

Concern  over  net  energy  resulted  in  1974  federal  legislation  requiring 
net  energy  analysis  of  federally  supported  energy  facilities:  “The  poten¬ 
tial  for  production  of  net  energy  by  the  proposed  technology  at  the  state 
of  commercial  application  shall  be  analyzed  and  considered  in  evaluating 
proposals”  [Public  Law  93-577,  Sec.  5(a)  (5)].  Despite  this  legislation, 
NEA  remains  an  elusive  concept  subject  to  inherent  generic  problems 
that  limit  its  usefulness.  Some  of  the  problems  that  persist  represent  fun¬ 
damental  ambiguities  in  NEA  that  can  be  removed  only  through  decision. 
These  include  the  difficulty  of  specifying  the  system  boundary  and  the 
questions  of  how  to  compare  energy  produced  and  consumed  at  different 
times  and  of  different  thermodynamic  qualities.  These  questions  make 
NEA  harder  to  perform  and  interpret  (Herendeen,  Kary,  and  Rebitzer, 
1979).  Some  analysts  therefore  reject  net  energy  analysis  but  support  en¬ 
ergy  analysis  (Leach,  1975).  Energy  analysis  considers  the  output  as  a 
good  or  service  rather  than  as  energy.  This  view  is  reasonable  and  useful 
in  determining  how  much  energy  is  required  to  keep  a  room  warm  or  to 
make  a  pair  of  skis,  but  it  is  not  reasonable  and  is  generally  useless  in  dis¬ 
cussing  the  net  energy  situation  of  a  coal  mine.  This  fundamental  objec¬ 
tion  attacks  the  basis  of  NEA — that  the  economic  and  human  life-support 
system  can  be  separated  into  the  “energy  system”  and  the  “remainder” 
and  that  studying  the  energy  system  in  isolation  is  valid.  For  many  ap¬ 
plications  this  separation,  although  not  perfectly  defensible,  seems  to  be 
acceptable. 

Before  proceeding,  we  should  ask  what  evidence  we  have  that  NEA  has 
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actually  been  used  to  make  decisions.  In  particular,  because  economic 
analysis  has  already  been  developed,  a  natural  question  is  whether  NEA 
provides  a  unique  or  different  result  from  an  eccyiomic  analysis.  In  1982 
the  U.S.  General  Accounting  Office  (GAO)  issued  a  report  criticizing  the 
U.S.  Department  of  Energy  (DOE)  for  not  following  the  1974  law’s  re¬ 
quirement  for  NEA  of  federally  funded  energy  projects  (GAO.  1982). 
DOE’s  response,  which  is  included  as  an  appendix  to  the  GAO  docu¬ 
ment,  is  summarized  in  what  follows:  “This  is  in  accord  with  DOE’s  view 
that  the  benefits  of  [NEA]  are  not  worth  the  time  and  effort  involved  for 
general  application.  This  result  also  belies  GAO’s  assertions  that  its  re¬ 
port  demonstrates  the  feasibility  for  use  of  such  analysis”  (GAO.  1982). 

Little  has  occurred  since  then  to  challenge  that  statement,  and  in  my 
opinion  NEA  has  seldom,  if  ever,  been  used  as  a  critical  decision  criterion. 
In  the  grain  belt,  although  NEA  arguments  were  sometimes  quoted  re¬ 
garding  ethanol  production  from  grain  (Chambers  et  al..  1979),  the  sorting 
out  that  occurred  (small  operators  using  dry  milled  com  shut  down  while 
larger  operators  using  wet  milling  flourished)  could  be  understood  on 
the  basis  of  the  economies  of  scale  and  the  flexibilities  of  the  two  milling 
processes. 

In  fairness,  a  large  debt  is  owed  to  NEAN because  it  stimulated  proper 
thinking  about  resources.  Predicting  resource  availability  on  the  basis  of 
past  trends  has  been  shown  to  be  fallacious  by  the  example  of  domestic 
U.S.  oil  (Cleveland  et  al.,  1984).  To  the  extent  that  prediction  by  extra¬ 
polation  is  an  economics  technique  and  that  prediction  by  incorporating 
the  physical  aspects  of  the  resource  is  an  NEA  technique,  NEA  deserves 
credit.  However,  proper  economics  should  incorporate  physical  realities. 
Once  that  is  granted,  the  question  of  usefulness  lies  in  the  details  of  NEA. 

That  NEA  has  not  been  used  is,  of  course,  difficult  to  prove,  as  is  the 
thesis  that  it  will  never  be  used.  In  this  chapter,  therefore.  I  review  a 
number  of  net  energy  studies  of  solar  technologies  and  include  the  results 
of  my  own  analysis  of  several  others.  Given  the  issues  raised  previously,  it 
will  be  necessary  to  discuss  at  length  the  details  of  the  problems  of  NEA. 
We  can  anticipate  two  specific  noncontroversial  outcomes.  If  a  technology 
appears  to  be  a  clear  energy  loser  even  after  all  uncertainties  of  technique 
and  data  are  accounted  for,  the  result  is  useful — the  program  should  be 
scrapped.  Similarly,  if  a  technology  appears  to  be  an  unambiguous  energy 
producer,  it  is  likely  that  NEA  can  then  be  deemphasized  and  the  decision 
on  whether  to  proceed  can  be  based  on  other  criteria.  If  the  technology 
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is  close  to  the  energy  break-even  point,  things  are  more  complicated  and 
NEA  seems  more  appealing.  Of  course,  in  this  case  a  higher  degree  of  ac¬ 
curacy  in  the  result  and  hence  in  the  needed  data  will  be  required. 

7.1  Basic  Definitions  and  Philosophy 

The  statement  that  an  energy  technology  can  be  an  energy  winner  implies 
three  assumptions.  First,  because  energy  is  not  created  or  destroyed 
(mass  energy  in  the  case  of  nuclear  energy),  it  would  seem  that  at  best 
an  energy  (conversion)  technology  can  only  break  even.  NEA  usually 
assumes  that  the  energy  in  the  ground  (or  coming  from  the  sun)  is  not  to 
be  counted  as  an  input;  that  is,  it  is  outside  the  system  boundary.  This 
will  be  discussed  in  detail  later  in  this  section.  Second,  it  is  usually 
assumed  that  high-quality  energy  (in  the  thermodynamic  sense)  is  desir¬ 
able,  whereas  low-quality  energy  is  not.  This  would  be  covered  properly 
if  “free  energy”  is  used  instead  of  energy.  I  follow  the  common  practice 
and  use  the  term  “energy”  when  I  actually  mean  thermodynamic  free  en¬ 
ergy.  Third,  I  have  assumed  that  all  material  and  service  inputs  to  an  en¬ 
ergy  facility  can  be  expressed  in  energy  terms.  There  is  a  broad  literature 
on  the  “energy  cost  of  goods  and  services”  (Bullard  and  Herendeen, 
1975;  Bullard,  Penner,  and  Pilati,  1978). 

Figure  7.1  shows  the  basic  NEA  framework,  assuming  only  one  energy 
type.  It  is  useful  to  have  normalized  indicators  of  the  NEA  situation,  two 
being 


in,  support 


out,  gross 


Absolute  Energy  Ratio  =  — 

E; 


-l-  F- 

1  •‘-'in,  support 
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Support  energy  is  that  energy  obtained  directly  from  the  rest  of  the 
economy  or  used  by  the  economy  to  provide  materials  and  service  inputs. 
E'm,  gross  is  the  energy  from  the  ground  or  sun,  which  is  usually  referred  to 
as  “resource.”  £out, gross  is  the  energy  supplied  to  the  rest  of  the  economy 
by  the  facility. 

The  incremental  energy  ratio  (IER)  parallels  standard  economic  prac¬ 
tice  in  that  the  “cost”  of  using  a  resource  is  the  cost  of  extraction  and  in¬ 
cludes  as  inputs  only  those  inputs  taken  from  the  rest  of  the  economy. 
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Figure  7.1 

Incremental  energy  ratio  (IER)  and  absolute  energy  rat(o  (AER)  analysis.  Energy  flows  are 
embodied  energy  and  therefore  include  energy  in  nonenergy  goods  and  services  as  well  as 
energy  itself.  The  dashed  line  indicates  the  system  boundary  for  incremental  analysis.  For 
absolute  analysis,  the  boundary  expands  to  include  g,-  K  ,  is  the  energy  provided 
by  the  rest  of  the  economy  to  develop  and  operate  the  energy  facility. 


The  extraction  cost  can  be  thought  of  as  “invested"  energy.  IER  is  called 
by  some  workers  “energy  return  on  investment”  (Hall  and  Cleveland, 
1981). 

The  absolute  energy  ratio  (AER)  is  appropriate  to  the  more  global 
question  of  the  physical  efficiency  with  which  a  given  (say,  fossil)  energy 
source  can  be  converted  into  useful  energy.  AER  (which  never  exceeds  1) 
is  useful  for  determining  how  much  of  a  given  stock  of  energy  resource 
can  actually  be  used  by  the  rest  of  the  economy.  It  is  considerably  less 
useful  in  the  case  of  a  flow  resource  (for  example,  sunlight),  w  hich  gener¬ 
ally  cannot  be  stored.  The  difference  between  the  two  ratios  is  the  system 
boundary.  The  following  discussion  will  emphasize  IER. 

To  exhibit  how  energy  flows  change  over  a  facility's  lifetime,  we  can 
use  a  power  curve,’  shown  in  figure  7.2.  The  power  curve  tells  “every¬ 
thing  (assuming  that  system  boundary  and  other  factors  are  properly 
stated)  but  is  cumbersome.  Some  summary  indicator  of  the  whole  time 
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IER 


30(1) 
3(3)  +  3(2) 


Simple  payback  time  =  9  years 
Internal  rate  of  return  (IRR)  =  9.1%/yr. 


Figure  7.2 

Example  power  curve  (for  incremental  analysis).  Only  one  kind  of  energy  is  assumed.  Power 
is  obtained  by  dividing  the  energy  flows  in  figure  7. 1  by  the  appropriate  time  unit. 


path  is  desired,  such  as  energy  payback  time,  energy  internal  rate  of  re¬ 
turn,  or  energy  ratio  (already  defined).  These  indicators  have  economic 
analogues.  The  first  two  have  identical  titles  in  economics,  and  the  third, 
energy  ratio,  corresponds  to  benefit-cost  ratio.  (The  economic  case  is  dis¬ 
cussed  in  chapter  2.)  All  these  indicators  require  summing  energy  over 
many  years,  and  it  is  necessary  to  decide  how  to  weigh  the  present  against 
the  future.  Standard  economic  practice  (chapter  2)  is  to  geometrically  dis¬ 
count  the  future  relative  to  the  present.  However,  discounting  is  nowhere 
near  universally  accepted  in  energy  analysis,  and  I  do  not  discount  here. 

Such  indicators  summarize  information,  sacrifice  detail,  and  hence  in¬ 
troduce  ambiguity.  For  example,  consider  simple  payback  time  (payback 
time  with  no  discounting),  which  is  defined  as  the  time  at  which  the  energy 
facility  has  produced  as  much  energy  as  it  has  consumed.  This  definition 
implicitly  assumes  a  net  power  curve  that  is  negative  at  first  and  then  be¬ 
comes,  and  remains,  positive  during  facility  operation.  This  definition 
would  be  less  useful  and  even  misleading  for  more  complicated  power 
curves,  such  as  the  curve  for  a  facility  that  requires  significant  energy  in- 
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puts  late  in  the  lifetime,  as  for  repair,  maintenance,  or  decommissioning 
(see  figure  7.2). 

The  energy  ratio  is  also  difficult  to  interpret.  F6r  example,  if  an  electric 
plant  uses  some  of  its  own  output,  should  that  be  added  to  the  inputs  or 
subtracted  from  the  output?  This  makes  no  difference  to  payback  time  or 
internal  rate  of  return,  but  it  does  affect  energy  ratio. 

If  the  power  curve  is  typical,  that  is,  negative  at  first  and  then  positive 
over  the  whole  lifetime,  then  the  following  are  equivalent  statements  of 
positive  net  energy  production: 

IER  >  1, 

Simple  payback  time  <  facility  lifetime, 

Internal  rate  of  return  >  0. 

Comparisons  in  this  chapter  emphasize  IER  whenever  possible. 

7.2  Conceptual  and  Procedural  Difficulties 

Conceptual  and  procedural  difficulties  with  NEA  are  summarized  in 
table  7.1.  The  various  difficulties  overlap  considerably,  and  economic 
analysis  is  also  subject  to  several.  Here  I  expand  on  three:  end-use  con¬ 
siderations,  opportunity  cost,  and  the  dynamic  problem. 

An  example  of  the  effect  of  end-use  considerations  on  NEA  is  the 
gasohol  miles  per  gallon  question.  Gasohol  (a  mixture  of  90%  unleaded 
gasoline  and  10%  ethanol)  gets  more  miles  per  gallon  than  would  be  ex¬ 
pected  based  on  the  enthalpy  ot  combustion  of  the  mixture  as  compared 
with  that  of  pure  gasoline.  This  increased  output  can  be  viewed  as  extra 
energy  production,  that  is,  an  increase  in  £oul ,gross.  For  the  purpose  of 
NEA,  should  this  increased  output  be  considered  to  originate  wholly  in 
the  ethanol-producing  process?  Or,  because  the  improvement  is  really 
due  to  the  existence  of  the  mixture,  is  it  inadmissable  to  perform  NEA  of 
ethanol  only?  And  what  it  the  ethanol  goes  to  an  end-use  other  than  gas¬ 
ohol,  where  this  issue  is  moot?  There  is  no  clear  answer.  Chambers  et  al. 
(1979)  demonstrate  how  strongly  IER  for  ethanol  depends  on  how  this 
question  is  answered. 

The  gasohol  example  can  also  be  thought  of  in  terms  of  opportunity 
cost,  because  the  increased  miles  per  gallon  does  not  represent  actual  en¬ 
ergy  produced.  Another  example  is  energy  conservation,  considered  a 


Table  7.1 

Conceptual  and  procedural  difficulties  with  net  energy  analysis  (NEA) 
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source  of  saved  energy.  A  third  example  is  the  argument  that  energy  used 
to  construct  an  energy  facility  cannot  be  used  in  some  other  industry. 
That  industry  responds  to  lowered  energy  availability  by  using  more  of 
other  inputs,  such  as  metals,  which  themselves  require  more  energy 
(Baumoland  Wolff,  1981). 

The  dynamic  problem  arises  from  the  rapid  buildup  of  an  energy  tech¬ 
nology.  Even  though  a  single  facility  may  have  an  IER  >  1,  a  program  of 
building  many  facilities  may  be  a  net  energy  sink  for  many  years.  (If  the 
technology  is  growing  fast,  the  average  facility  is  not  even  finished!)  Con¬ 
cern  over  this  problem  was  stimulated  by  rapid  building  programs  for 
nuclear  reactors  promoted  by  several  countries  in  the  early  and  mid- 
1970s  (Chapman,  1975).  The  predicted  exponential  growth  did  not  occur, 
and  the  issue  has  largely  gone  away.  The  issue  was  also  raised  for  solar 
heating  by  Whipple  ( 1 980). 

7.3  The  Type  of  Net  Energy  Analysis  Used  in  This  Chapter 

Net  energy  results  for  various  solar  technologies  (and  a  few  nonsolar  for 
reference)  are  compared  here  using  what  is  palled  engineering-based  en¬ 
ergy  analysis,  which  explicitly  excludes  the  energy  requirements  of  labor 
or  the  energy  consequences  of  environmental  disruption  beyond  that 
covered  by  on-site  pollution  control  devices.  This  approach  does  not  ac¬ 
count  for  such  off-site  problems  as  C02,  acid  rain,  heavy  metals,  and  soil 
erosion. 

Energy  for  labor  is  excluded  for  two  reasons.  First,  it  is  difficult  to 
agree  on  a  correct  reckoning:  is  it  the  energy  consequences  of  a  worker's 
whole  paycheck  or  just  that  portion  spent  for  food  and  lodging?  Second, 
including  labor  means  that  the  economy  is  viewed  as  producing  goods  for 
government  consumption,  exports,  and  capital  purchases.  Consumption 
by  residences  is  assumed  to  be  fixed  in  total  and,  especially,  in  relative 
amounts  for  different  consumer  goods  and  services.  Other  energy  research, 
such  as  that  in  conservation,  exploits  the  flexibility  of  consumption  pat¬ 
terns  (to  purchase  more  insulation  and  less  home  heating  fuel,  for  exam¬ 
ple).  For  consistency  with  this  other  work  I  prefer  to  keep  the  analysis  in¬ 
dependent  of  residential  consumption  of  all  goods  and  services. 

I  exclude  energy  related  to  environmental  disruption  because  the  theory 
and  techniques  to  do  so  [mostly  the  work  of  H.  T.  Odum  and  his  students, 
for  example,  Odum  et  al.  (1981)]  are  not  sufficiently  developed  to  stand 
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the  test  of  self-consistency,  completeness,  and  coherence.  Although  an 
objection  to  this  kind  of  analysis  has  had  to  be  withdrawn  [advanced  in 
Herendeen  (1981)  and  withdrawn  in  Costanza  and  Herendeen  (1984)], 
there  remain  several  significant  unresolved  objections  (Herendeen,  1984). 

The  NEA  presented  here,  therefore,  is  little  changed  from  that  origi¬ 
nally  proposed  in  the  early  years  of  the  field  at  the  International  Federa¬ 
tion  of  Institutes  for  Advanced  Study  (IFIAS)  meetings  in  Sweden  in  1974- 
75  (IFIAS,  1975),  the  National  Science  Foundation  (NSF)  Workshop  at 
Stanford  University  (Stanford,  1975),  the  Institute  of  Gas  Technology 
(IGT)  Symposium  in  Colorado  in  1978  (IGT,  1978),  and  the  several  out¬ 
puts  of  the  Institute  for  Energy  Analysis  (Perry,  Devine,  and  Reister, 
1977;  Perry  et  al.,  1977;  Devine,  1979).  What  has  changed  since  those 
efforts  is  an  understanding  of  what  problems  can  and  cannot  be  corrected. 
For  example,  today  we  have  a  better  understanding  of  the  system  bound¬ 
ary  problem,  but  it  is  not  much  easier  to  deal  with.  Our  understanding 
shows  just  how  arbitrary  the  choice  of  boundary  is  and  how  sensitive  the 
result  is  to  it. 

In  presenting  results,  I  usually  dispense  with  the  power  curve  and  use 
the  IER  or  payback  time,  either  applied  to  primary  or  premium  (oil  and 
gas)  energy.  Calculating  the  IER  for  premium  energy  requires  counting 
oil  and  gas  but  not  coal  inputs  and  outputs.  This  is  another  variation  of 
the  system  boundary  and  different  fuel-type  issues,  and  has  been  discussed 
regarding  liquid  fuel  technologies.  For  example,  an  ethanol-from-grain 
plant  (which  produces  premium  fuel)  can  burn  oil,  gas,  coal,  or  biomass 
for  the  distillation  and  associated  processes.  Although  the  net  energy 
balance  in  primary  terms  looks  quite  precarious,  if  coal  is  used,  the  plant 
looks  much  better  as  a  producer  of  net  premium  fuel  (Chambers  et  al., 
1979). 

System  inputs  are  assigned  energy  values  converted  to  primary  terms, 
that  is,  coal,  crude  petroleum,  natural  gas,  and  hydro-  and  nuclear  elec¬ 
tricity.  To  do  this  requires  determining  the  direct  and  indirect  energy  of 
the  entire  economy  to  produce  the  materials,  energy,  and  service  inputs 
needed  to  construct,  operate,  maintain,  and  dispose  of  the  facility.  In 
practice  this  determination  is  almost  always  done  using  process  analysis, 
input/output  analysis,  or  a  hybrid  of  the  two.  The  following  is  a  short  de¬ 
scription  of  these  techniques. 

Process  analysis  is  a  detailed  bookkeeping  of  the  production  of  a  given 
product,  in  which  energy  inputs  are  recorded  along  the  chain  of  produc- 
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tion.  Thus,  to  determine  the  total  energy  to  produce  a  solar  panel,  one 
would  start  at  the  final  assembly  plant  and  there  record  the  energy  used 
as  well  as  all  material  and  service  inputs  from  gther  economic  sectors. 
Then  the  same  data  would  be  collected  at  the  fabrication  site  of  each  of 
these  inputs,  then  at  the  suppliers  of  their  inputs,  and  so  on.  Energy  con¬ 
sumed  at  one  stage  would  be  “embodied”  in  the  flows  to  the  next  stage 
according  to  some  adopted  convention,  such  as  energy  per  unit  weight  of 
materials.  In  principle,  this  bookkeeping  could  go  on  forever  because,  for 
example,  solar  panels  could  be  used  in  producing  aluminum,  which  is  one 
input  to  solar  panels.  In  practice,  the  process  usually  converges  mathema¬ 
tically  in  a  few  stages;  the  error  from  truncation  is  acceptably  small.  The 
energy  inputs  are  traced  back  to  the  well  or  mine,  and  the  sum  of  all  en¬ 
ergies  recorded  is  the  primary  energy  required  to  produce  the  product,  its 
“energy  intensity.”  Process  analysis  is  potentially  accurate,  but  extremely 
time  consuming.  As  a  result  it  has  been  done  for  only  a  limited  number  of 
products.  For  a  review,  see  Bullard,  Penner,  and  Pilati  (1978). 

Input/output  (I/O)  analysis  uses  an  existing  economic  database  as  a 
substitute  for  the  painstaking  data  collection  involved  in  process  analysis. 
The  monetary  flows  between  economic  sectors  are  used  as  surrogates  for 
materials  flows  and  the  data  are  manipulated  in  a  way  that  is  equivalent 
to  a  process  analysis  carried  out  to  infinity.  The  advantage  of  I  O  analysis 
is  the  large  database  that  already  exists  (developed  by  the  U.S.  Depart¬ 
ment  of  Commerce).  In  Hannon,  Casler,  and  Blazeck  (1985),  data  are 
manipulated  to  yield  the  energy  intensities  of  398  commodities  spanning 
the  entire  U.S.  economy. 

There  are  several  significant  disadvantages  to  1,0  analysis  (Bullard  and 
Herendeen,  1975).  First,  even  with  398  sectors  aggregation  is  a  problem. 
For  example,  all  plumbing  fixtures  are  contained  in  one  sector;  more  de¬ 
tail  might  be  desired  for  solar  applications.  Second,  the  data  are  typically 
at  least  seven  years  old,  reflecting  the  enormity  of  the  task.  Third,  the 
data  represent  averages.  Fourth,  monetary  flows  may  not  be  the  appro¬ 
priate  surrogate  to  allocate  energy. 

What  technique  to  use  depends  on  the  desired  accuracy  and  the  avail¬ 
able  time  and  effort.  Sometimes  a  preliminary  analysis  will  show  that  I  O 
analysis  is  adequate,  or  that  a  hybrid  approach  is  satisfactory.  For  a 
hybrid  approach  process  analysis  is  used  for  the  first  several  production 
stages  (which  are  probably  not  typical  of  the  I/O  average  data),  and  I/O 
analysis  is  used  for  the  remaining  stages  (which  may  be  more  typical). 
The  hybrid  approach  is  described  in  Bullard,  Penner,  and  Pilati  (1978). 


Net  Energy  Considerations 


265 


Table  7.2 


Net  energy  results  for  nonsolar  technologies 


Energy  type 


IER 


Coal,  U.S.  average8 

Eastern  surface  coal8 

Crude  petroleum  (delivered  to  refinery)8 

Natural  gas  (delivered  through  gas  utility  to  user)8 

Geothermal  electricity  (vapor  dominated)15 

Geothermal  electricity  (liquid  dominated)15 

Coal  mine-electric  power  plant0 

Natural  gas  well-electric  power  plant0 

Uranium  mine-light  water  reactor0 

Conservation:  ceiling  insulation  as  energy  displacer2 


8 

2.3 

5 

136 


37 

43 

7 

II 


13+4 
4  ±  1 


a.  Hannon  (1982).  U.S.  averages,  ca.  mid-1970s. 

b.  Herendeen  and  Plant  (1981). 

c.  Pilati  (1977).  U.S.  averages,  ca.  mid-1970s. 

7.4  Net  Energy  Analysis  of  Nonsolar  Technologies 

For  comparison  with  results  of  solar  technologies,  NEA  results  for  sev¬ 
eral  nonsolar  technologies  are  presented  in  table  7.2.  Although  these 
IERs  are  all  significantly  greater  than  unity,  note  that  they  represent  U.S. 
averages  as  of  the  mid-1970s.  Especially  for  crude  petroleum  and  natural 
gas,  the  marginal  picture  is  not  so  bright.  Hall  and  Cleveland  (1981)  point 
out  that  IER  (at  the  wellhead)  for  production  of  oil  and  gas  has  dropped 
from  around  50  in  the  1940s  to  about  8  in  the  late  1970s.  A  similar  prob¬ 
lem  occurs  for  conservation-as-energy  producer.  The  high  IER  (>100) 
given  in  table  7.2  is  for  a  modest  amount  of  ceiling  insulation  in  a  poorly 
insulated  residence.  The  marginal  benefit  from  insulating  an  already  well- 
insulated  house  is  lower,  and  hence  so  is  the  IER.  From  table  7.2  we  see 
that  traditional  fossil  energy  sources  have  been  characterized  by  IER  of 
the  order  of  several  tens. 

7.5  Net  Energy  Analyses  of  Solar  Thermal  Technologies 

In  this  section  I  review  a  number  of  published  NEAs  of  solar  thermal 
technologies  and  add  my  own  NEA  of  several  others.  In  all  cases  the  re¬ 
sults  have  been  converted  to  conform  with  consistent  assumptions  about 
system  boundary,  etc.  The  output  is  often  low-temperature  heat,  which  is 
usually  assigned  an  energy  value  according  to  the  high-quality-energy 
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consumption  it  displaces.  Such  a  criterion  is  reasonable  in  many  applica¬ 
tions  but  does  not  answer  the  ultimate  question  of  whether  a  society  can 
use  solar  energy  to  fashion  its  next-generation  solar  equipment,  that  is,  to 
be  self-sustaining.  The  comparisons  in  table  7.3,  therefore,  incorporate 
the  following  assumptions: 

1.  System  output  is  assigned  an  energy  value  that  is  just  the  enthalpy  of 
that  output,  whether  it  be  low-temperature  heat  or  electricity.  Thus,  for 
example,  1  kWh  of  electricity  =  3,413  Btu,  the  equal  amount  of  energy 
(but  not  thermal  energy  required  to  generate  the  electricity). 

2.  System  inputs  are  assigned  energy  values  converted  to  primary  terms, 
as  described  in  section  7.3. 

3.  Regarding  system  boundary,  the  inputs  to  a  solar  technology  to  be 
converted  to  energy  terms  are  those  that  are  considered  in  a  normal  eco¬ 
nomic  accounting  of  the  energy  facility  over  the  entire  lifetime,  including 
original  expenses  as  well  as  operation  and  maintenance.  Examples  are 
given  in  Mann  and  Neenan  (1982);  these  are  the  basis  for  several  of  the 
NEAs  presented  in  this  chapter. 

A  comment  on  uncertainty  is  necessary.  Tl^e  figures  in  table  7.3  have  no 
indicated  error  bounds.  Such  bounds  are  usually  not  estimated  in  the  orig¬ 
inal  sources,  and  the  data  to  do  so  are  often  nonexistent.  A  few  attempts 
at  error  estimation  in  energy  analysis  have  been  made,  but  it  is  beyond 
the  scope  of  this  chapter  to  perform  them  where  they  are  absent.  [See 
Herendeen,  Kary,  and  Rebitzer  (1979)  for  an  error  analysis  of  NEA  of 
the  solar  power  satellite,  or  Herendeen  and  Plant  (1981)  for  a  similar  anal¬ 
ysis  of  geothermal  electricity.]  On  the  other  hand,  it  is  necessary  to  say 
something  about  the  validity  of  the  results  in  table  7.3.  On  the  basis  of 
experience  I  estimate  that  accuracy  is  of  the  order  of  a  factor  of  2  for  the 
results  in  table  7.3. 

Essentially  every  study  here  is  a  prospective  one,  assuming  some  level 
of  performance  and  durability  for  a  projected  facility  or  solar  system.  Re¬ 
trospective  studies  using  historical  data  obviously  would  be  superior,  but 
there  is  insufficient  long-term  experience  to  do  so. 

The  entries  in  table  7.3  can  be  divided  into  four  general  categories: 
thermal  electric  energy,  biomass  energy,  residential  and  commercial 
space  heat  and  hot  water,  and  high-temperature  heat.  These  are  discussed 
in  turn. 
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Table  7.3 

Net  energy  results  for  solar  thermal  technologies 


Technology 

IERa  or  EPTb 

References  and  comments 

Thermal  electric  power 

Electric  output  at  3,413  Btu/kWh 

160  MW  OTEC 

EPT  =  4. 7-6. 2  yr 

Carlson  and  Goss  (1978) 

IER  =  6.6 

Perry  et  al.  (1977) 

100  MW  power  tower 

IER  =  il 

Moraw  Schneeberger  and  Szeless  (1977) 

=  20 

Meyers  and  Vant-Hull  (1978)  for 
Barstow,  CA) 

>  6 

Baron  (1978)  (for  Barstow,  CA) 

=  20-30 

Vant-Hull  (1985)  (Vant-Hull  points  out 
that  Baron  used  all  the  most  pessimistic 
energy  requirements  for  construction) 
(for  Barstow,  CA) 

EPT  =  3  yr 

Curto  and  Nikodem  (1978) 

Biomass 

Direct  combustion 

IER  =  ~2.7 

Oswald  and  Eisenberg  (1980); 
agricultural  residues 

<  15-23 

Strauss  et  al.  (1984),  poplar;  6-14 
dry  ton/ha-yr 

=  10-22 

Herendeen  and  Brown  (1986),  without 
fertilizer 

=  2. 5-3. 8 

with  fertilizer,  several  species 

Liquefaction 

=  2 

Herendeen  and  Dovring  (1984), 
methanol 

=  5.6 

methanol,  premium-fuel  basis 

Chambers  et  al.  (1979), 

=  1-1.4 

ethanol  from  grain 

=  2. 3-3. 8 

ethanol  from  grain,  premium-fuel  basis 

Gasification 

=  0.8 

Mann  and  Neenan,  (1982)°  (NEA 
performed  by  R.  Herendeen),  manure 
digestion,  gas  used  to  generate  electricity 

Direct  use  of  heat/space  heat 

Thomas  and  Cambel  (1982),  single 

Solar  pond 

IER  =  1.8 

single  house  (for  Columbus,  OH) 

=  2.7 

20  houses  (for  Columbus,  OH) 

=  13 

town  size  in  western  Massachusetts 

Active 

=  1.6 

Sherwood  (1978),  60%  solar, 

Passive 

=  8-16 

(for  Santa  Fe,  NM) 

Active 

=  3-5 

Rogers  (1980)  (for  Toronto)  50% 
solar,  “moderately”  insulated, 

~  2  days  storage  (adjusted  by 

Herendeen) 

Active 

=  1.7 

Bailey  (1982),  (for  Michigan  and  New 

Passive 

=  10-25 

York)  location 

Active 

=  2.0 

Mann  and  Neenan  (1982)° 

Passive 

=  2.6 

(for  Denver,  CO) 

Passive 

EPT  =  1.5-2  yr 

Wagner  and  Turowski  (1979)  (for 
Germany) 
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Table  7.3  (continued) 


Technology 


IERa  or  EPTb 


References  and  comments 


Direct/hot  water 


IER  =  5.2 
=  2.5 


Bailey  (1981)  (for  Michigan) 
Mann  and  Neenan  (1982)  (for 


=  2.2 


Albuquerque,  NM)  (NEA  by  Herendeen) 
Lund  and  Kangas  (1983)  same  system 


EPT  <  5  yr 


as  Bailey  (1981)  (for  Finland) 
Payne  and  Doyle  (1978) 


Direct/high 

temperature 


IER  =  2.5 


Mann  and  Neenan  (1982),  250  C  steam, 
trough  collectors  (for  Madison.  WI) 
Based  on  steam  thermal  energy  for 
power  (Vant-Hull,  1985) 


500°C  steam 


IER  >  60 


a.  IER  =  incremental  energy  ratio. 

b.  EPT  =  energy  payback  time,  years. 

c.  This  reference  supplies  energy  inputs  for  several  solar  technologies. 

7.5.1  Thermal  Electric  Energy 

Thermal  electric  energy  includes  central  receivers  (“power  towers”)  and 
ocean  thermal  energy  conversion  (OTEC)  applications.  Both  are  net  en- 
ergy  producers,  with  IER  greater  than  6  or  payback  time  less  than  three 
years  out  of  a  facility  lifetime  of  twenty  year§.  These  returns  are  sensitive, 
of  course,  to  locations  and  the  actual  capacity  factors.  The  IERs  compare 
favorably  with  those  for  fossil  fuel  electric  generation.  Pilati  (1977)  found 
IERs  between  2  and  7  for  the  full  mine-to-bus-bar  process  for  various  oil, 
coal,  natural  gas,  and  nuclear  electricity  generators. 

7.5.2  Biomass  Energy 

For  biomass  the  net  energy  question  has  been  potentially  worrisome,  as 
at  least  one  biomass  technology,  ethanol  from  grain,  is  indeed  near  the 
energy  break-even  point.  Small-scale  production  of  ethanol  was  popular 
in  the  late  1970s  in  the  grain  belt,  but  many  operators  closed  down  or 
never  materialized  (Herendeen  and  Reidenbach,  1982).  On  the  other 
hand,  large  producers  are  in  business,  even  expanding,  and  ethanol  is 
now  used  (usually  inconspicuously)  as  an  octane  extender  in  road  gaso¬ 
line,  rather  than  (conspicuously)  as  a  major  component  of  gasohol. 

In  any  case  ethanol  from  grain  has  an  IER  of  about  1.  With  modern 
energy-saving  technology,  this  goes  up  to  about  1.4  (Chambers  et  al„ 
1979).  Both  of  these  figures  are  in  primary  energy  terms.  However,  be- 
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cause  the  aim  of  an  ethanol  program  is  to  take  the  pressure  off  liquid  fuel 
supply,  it  is  also  of  interest  to  define  a  premium  fuel  IER,  in  which  all  in¬ 
puts  that  can  be  converted  away  from  oil  and  gas  to  nonpremium  fuel 
(for  example,  coal),  are  so  converted.  The  major  input  that  cannot  be 
converted  is  agricultural  energy,  which  depends  heavily  on  premium  fuels 
through  farm  equipment  fuel  and  chemical  inputs.  In  premium  terms 
IER  is  then  between  2.3  and  3.8,  a  significant  improvement. 

There  has  been  relatively  little  net  energy  analysis  on  commercial-scale 
conversion  of  biomass  to  liquid  fuels.  The  only  other  study  given  for  bio¬ 
mass  liquids  indicates  that  producing  methanol  from  woody  biomass  has 
a  primary  IER  of  about  2;  for  premium  fuels  this  rises  to  approximately  6 
(Herendeen  and  Dovring,  1984). 

Biomass  for  direct  combustion  has  been  studied  intensively  and  exten¬ 
sively.  Use  of  agricultural  residues  has  some  potential,  but  because  collec¬ 
tion  and  handling  activities  are  comparable  to  those  for  more  intensive 
biomass  production  (which  has  yields  of  over  five  times  as  great),  the  IER 
is  quite  low.  Thus  in  table  7.3  we  see  that  a  rough  estimate  of  using  re¬ 
sidues  leads  to  an  IER  of  2.7,  whereas  IERs  from  biomass  plantations  are 
between  10  and  22. 

The  relatively  high  IERs  for  unfertilized  biomass  production  must  be 
questioned  on  sustainability.  Recent  studies  (Strauss  et  al.,  1984;  Heren¬ 
deen  and  Brown,  1987)  show  significantly  lower  IERs  with  fertilization, 
between  2.5  and  1.5.  The  sustainability  issue  simply  cannot  be  settled  yet, 
as  biomass  plantation  work  is  typically  no  more  than  five  years  old. 

7.5.3  Residential  and  Commercial  Heat  and  Hot  Water 

Table  7.3  indicates  that,  although  some  active  systems  have  shown  fairly 
low  IERs  (a  maximum  of  5,  more  typically  of  order  2),  passive  residential 
systems  show  much  higher  ones  [>8  in  the  U.S.  Southwest  (Sherwood, 
1978)  and  >  10  (Bailey,  1982)].  Left  unstated  here  are  the  degree  of  solar 
coverage  (percentage  of  heat  supplied  by  solar  versus  a  backup  system), 
the  fraction  of  a  residence’s  cost  allocable  to  the  space  conditioning 
system,  and  how  well  insulated  the  structure  is  in  the  first  place.  This  is  a 
prime  example  of  where  the  question  of  “total  energy  needed  to  provide 
so  much  conditioned  space”  seems  more  useful  than  that  of  “NEA  of  the 
solar  system.”  Some  authors  [for  example,  Sherwood  (1978)]  have  stated 
results  in  the  former  way. 

Hot  water  applications  show  IERs  in  the  range  2  to  5.  It  is  interesting 
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to  compare  regional  dependence.  Lund  and  Kangas  (1983)  state  that  the 
flat-plate  water  heater  system  of  Bailey  (1981),  which  has  an  IER  of  5  in 
Michigan,  would  have  an  IER  of  2.2  in  Finland.  * 

7.5.4  High-Temperature  Heat 

The  one  example,  medium-temperature  steam  [482'F  (250  C)]  from  a 
700,000  ft2  (65,030  m2)  concentrating  collector  producing  130  x  109 
Btu/yr  (137  TJ/yr),  has  an  IER  of  2.5. 

7.5.5  One  Technology  with  IER  <  I 

In  table  7.3  one  entry  has  IER  <  1.  This  is  an  anaerobic  digester  whose 
methane  output  is  burned  to  produce  electricity.  Even  when  the  manure 
input  is  considered  to  have  zero  energy  intensity,  the  entire  system  has  an 
IER  =  0.8.  For  comparison,  an  average  conventional  natural  gas  well  gas 
utility/gas-fired  electric  power  plant  has  an  IER  of  approximately  2.3  (Pilati. 
1977).  I  consider  this  to  be  a  fairly  unlikely  solar  thermal  application. 

The  dynamic  question  is  mentioned  in  many  analyses.  For  example, 
Whipple  (1980),  in  considering  the  consequences  of  the  Domestic  Policy 
Review  of  Solar  Energy,  found  that,  if  th^  most  rapid  growth  scenario 
actually  occurred  (which  would  involve  a  doubling  of  solar  heating 
capacity  every  three  years  for  the  period  1985-2000).  the  whole  program 
would  have  an  IER  (for  the  period)  of  0.5- 1.5,  depending  on  the  payback 
time  of  individual  solar  units.  (He  assumed  a  range  of  3-9  years,  roughly 
corresponding  to  IERs  of  2.5  to  7.)  In  fact,  this  rapid  growth  now  seems 
unlikely,  which  reduces  the  likelihood  of  the  program's  IER  being  below 
unity.  The  dynamic  problem  has  been  ridiculed  by  some  analysts,  who 
state  that  exponential  program  growth  simply  cannot  be  sustained  for 
long.  Historically  this  has  turned  out  to  be  true,  but  the  potential  for  a 
dynamic  problem  persists. 

7.6  Summary  and  Conclusions 

Within  the  coniines  of  the  several  significant  objections  to  NEA,  a  review 
has  been  made  of  NEA  studies  of  solar  thermal  energy  technologies,  sup¬ 
planted  by  my  own  analyses.  With  two  exceptions  (one  a  methane  diges¬ 
ter  whose  output  is  burned  to  produce  electricity  and  the  other  ethanol 
from  grain),  the  technologies  are  net  energy  producers.  Solar  thermal 
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electric  has  IERs  that  are  no  lower,  and  sometimes  higher,  than  fossil- 
based  production.  For  producing  residential  and  commercial  space  heat¬ 
ing  and  hot  water,  low-temperature  industrial  IERs  are  as  low  as  2.  Pas¬ 
sive  residential  heat  generally  has  an  IER  greater  than  that  for  active.  The 
highest  active  system  IER  is  13  (a  town-sized  solar  pond  for  residential 
heat)  but,  except  for  that,  active  systems  show  IER  <  5.  A  wide  range  of 
IERs  is  seen  for  biomass,  but  for  fertilized  systems  IER  <  4. 

Except  for  solar  thermal  electric,  these  IERs  are  generally  less  than 
those  that  have  charactrized  fossil  fuel  resources  until  recently.  This,  plus 
the  observation  that  IER  is  decreasing  for  newly  developed  fossil  fuels, 
representing  depletion,  is  sobering.  Despite  such  useful  broad  insights, 
I  have  argued  that  NEA  has  so  many  inherent  problems  that  using  it  to 
compare  and  rank  different  energy  technologies  is  often  impractical. 
Especially  in  this  time  of  heightened  attention  to  efficiency  of  energy 
use,  the  separation  between  the  “energy-producing  system”  and  the  “rest 
of  the  system”  (the  fundamental  assumption  of  NEA)  is  less  justifiable. 
Energy  analysis,  without  the  “net,”  has  more  potential. 
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The  economics  of  the  marketplace  plays  a  dominant  role  in  shaping  the 
future  of  solar  space  conditioning  and  water  heating  technologies.  Several 
methods  have  been  used  to  assess  the  economics  of  active  solar  energy 
systems,  including  simple  payback,  life-cycle  cost,  discounted  present 
value,  return  on  investment  analysis,  and  levelized  annual  energy  cost. 
All  these  methods  require  establishing  the  solar  technology  costs  com¬ 
pared  to  conventional  technology  costs;  establishing  the  system  perfor¬ 
mance  to  meet  the  specified  heating,  cooling,  and/or  domestic  hot  water 
load;  and  making  assumptions  about  the  expected  future  costs  of  factors 
such  as  fuel,  inflation,  interest  rates,  and  taxes. 

Cost  requirements  (goals)  for  active  solar  heating  and  cooling  or  for 
any  new  technology  are  useful  but  difficult  to  determine  because  of  the 
need  to  predict  future  economic  conditions  and  technical  changes.  Thus 
clear  and  consistent  methods  must  be  used.  This  chapter  presents  a  meth¬ 
odology  developed  for  establishing  cost  requirements  for  active  solar 
heating  and  cooling  systems.  The  cost  requirement  analyses  of  active 
solar  cooling  systems  illustrate  the  method. 

Market  studies  indicate  a  relationship 'between  market  penetration 
(percent  of  market  captured)  and  payback  periods  for  heating,  ventilat¬ 
ing,  and  air  conditioning  systems.  The  payback  period  is  related  to  the 
expected  real  return  on  investment,  using  fuel  escalation  and  inflation 
rates.  By  postulating  the  commercial  introduction  of  solar  cooling  sys¬ 
tems  in  a  given  year  with  the  market  share  increasing  at  a  set  rate, 
payback  and  return  on  investment  goals  for  cooling  systems  are  estab¬ 
lished  as  a  function  of  year  of  purchase. 

The  return  on  investment  goals  are  used  to  calculate  the  twenty-year 
present  value  of  the  fuel  saved  by  the  solar  energy  system.  To  be  cost- 
effective,  the  incremental  solar  system  cost  must  be  equal  to  or  less  than 
the  present  value  of  the  energy  savings.  This  equality  establishes  the  link 
between  incremental  solar  system  cost  and  the  return  on  investment  goal 
and  determines  the  system  cost  goals  as  a  function  of  year  of  purchase. 
Return  on  investment  goals  are  shown  to  be  equivalent  to  discounted- 
cash-flow  payback  analysis. 

To  evaluate  the  cost-effectiveness  of  systems  that  have  not  yet  been 
built  requires  (1)  estimating  the  load  to  be  served  and  calculating  the  con¬ 
tribution  of  the  active  solar  system  to  meet  that  load,  (2)  calculating  the 
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contribution  of  an  efficient  conventional  system  to  meet  the  same  load, 
thereby  establishing  the  annual  energy  and  first-year  fuel  cost  savings 
attributable  to  the  solar  system,  (3)  estimating  the  cost  of  the  active  solar 
system  with  full  backup  and  the  cost  of  the  conventional  system,  and  (4) 
comparing  the  energy  cost  savings  to  the  incremental  solar  system  cost 
with  suitable  economic  assumptions.  The  first  three  examples  in  chapter  2 
(sections  2.7.1 -2.7.3)  are  especially  pertinent  in  this  regard. 

Cost  requirements  can  be  determined  for  a  broad  range  of  solar  heat¬ 
ing  and  cooling  technologies,  including  domestic  hot  water,  space  heat¬ 
ing,  and  space  cooling  and  heating  systems.  The  cost  goals  are  then 
broken  down  to  the  subsystem  level.  Expected  costs  for  each  of  the  dif¬ 
ferent  component  subsystems  are  based  on  typical  present-day  costs  and 
reasonable  scenarios  for  reducing  those  costs  by  means  of  mass  produc¬ 
tion  economies,  design  simplifications,  and  performance  improvements 
resulting  from  additional  research  and  development.  In  effect,  a  cost 
“budget”  is  established  for  each  component  subsystem  and  is  addressed 
as  component  subsystem  goals  for  engineering  development  effort. 

8.1  Market  Potential 

Figure  8.1  shows  the  relationship  between  market  potential  and  payback 
period  for  heating  and  air  conditioning  products  as  indicated  in  market 
studies  (Lilien  and  Johnston,  1980).  Lilien  and  Johnston  point  out  that 
there  are  additional  subjective  factors  that  influence  the  “decision  to 
buy”  that  must  be  overcome  before  market  potential  is  converted  into 
market  penetration.  Therefore  market  penetration  goals  may  be  converted 
into  an  economic  performance  goal  for  the  solar  system  that  is  under¬ 
standable  to  the  consumer  and  would  influence  the  decision  to  buy  (a 
goal  such  as  a  payback  period  or  a  return  on  investment).  The  behavior 
of  solar  cooling  systems  in  the  marketplace  is  assumed  to  be  similar  to 
that  of  other  heating  and  air  conditioning  products.  Details  on  market 
penetration  studies  are  found  in  chapter  5. 

To  develop  cost  requirements,  a  market  penetration  scenario  is  pos¬ 
tulated.  As  an  example,  active  cooling  market  penetration  begins  with 
commercial  introduction  of  active  solar  cooling  systems  in  1986  and 
attains  a  20%  annual  market  share  of  the  entire  national  cooling  capacity 
by  the  year  2000.  This  postulated  market  penetration  curve  increases  lin¬ 
early  starting  in  1986  and  can  be  compared  to  the  actual  penetration 
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Payback  period,  yr 


Figure  8.1 

Market  potential  as  a  function  of  payback  period  (Lilien  and  Johnston.  1980). 
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Year 


Figure  8.2 

The  heat  pump  market  1954-1970  (ARI,  1980). 

curve  achieved  by  heat  pump  sales  in  the  United  States  from  1953  to 
1970,  as  shown  in  figure  8.2.  This  pattern  is  typical  of  historic  early 
market  penetration  achieved  by  major  heating  ventilating  and  air  condi¬ 
tioning  (HVAC)  products.  During  the  same  period  the  price  of  residential 
heat  pumps  dropped  significantly  (figure  8.3)  as  the  technology  evolved 
and  the  volume  of  production  increased. 

Air  conditioning  demands  are  expected  to  grow  significantly  over  the 
next  twenty  years,  driven  by  population  shifts  to  the  “sun  belt”  regions 
of  the  country.  It  is  estimated  that  more  than  90%  of  the  new  construc¬ 
tion  in  that  region  will  have  central  air  conditioning.  The  postulated 
annual  penetration  goal  applies  equally  to  each  of  the  geographic  regions 
considered. 
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Figure  8.3 

Cost  of  residential  heat  pump  systems  normalized  to  1985  dollars  by  the  consumers  price 
index  shows  a  64%  price  reduction  in  the  25  years  from  1952  to  1977  (Planeo,  Inc.,  1981 ). 


Energy  conservation  and  passive  cooling  etYorts  are  expected  to  reduce 
significantly  the  sensible  cooling  and  heating  loads.  However,  the  substan¬ 
tial  latent  (that  is,  humidity)  cooling  loads  in  all  buildings  and  internal 
heat  gains  in  commercial  buildings  will  remain,  despite  conservation  and 
passive  measures,  and  will  require  the  use  of  active  cooling  systems. 

The  annual  energy  used  for  cooling  buildings  in  the  year  2000  can  be 
estimated  by  accounting  for  the  expected  mix  of  building  types,  regional 
differences  in  building  stock  and  cooling  loads,  and  residential  and  com¬ 
mercial  building  energy  requirements.  An  estimated  annual  energy  dis¬ 
placement  of  0.14  quad  (0.15  EJ)  of  conventional  energy  sources  by  solar 
in  the  year  2000  (for  new  residential,  new  multifamily,  retrofit  residential, 
and  commercial  market  sectors)  would  result  from  a  20%  penetration  by 
solar  cooling  ot  the  annual  projected  air  conditioning  market  by  the  year 
2000  (Warren  and  Wahlig,  1982). 
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8.2  Economic  Goals 

I  selected  the  discounted-cash-flow  payback  period  as  the  economic  perfor¬ 
mance  criterion  because  it  is  easy  to  understand  and  use.  The  discounted- 
cash-flow  payback  period  is  the  number  of  years  it  takes  for  the  discounted 
future  fuel  cost  savings  to  equal  the  present  incremental  cost  to  produce 
those  savings.  The  payback  period  is  the  number  of  years  required  for  the 
present  worth  of  future  savings  in  fuel  costs  to  equal  the  present  worth  of 
the  initial  investment  plus  that  of  the  operating  costs  for  the  solar  system. 
This  payback  period  is  related  to  the  “real”  return  on  investment,  taking 
into  account  the  effect  of  inflation.  A  more  complete  discussion  of  these 
and  other  economic  criteria  is  in  chapter  2. 

The  “discount  rate”  that  is  assumed  for  economic  analysis  is  the  sub¬ 
ject  of  much  discussion.  There  are  at  least  three  discount  rates  that  can  be 
used: 

1.  From  the  consumer’s  perspective,  the  time  value  of  money  (time  rate 
preference)  is  the  expected  return  from  money  placed  in  another  invest¬ 
ment,  such  as  a  savings  account  or  money  market  security.  Typically  this 
rate  is  a  few  percent  (2-4%)  above  the  inflation  rate.  If  the  inflation  rate 
is  6-8%,  then  the  time  value  of  money  is  8-12%.  It  is  close  to  the  mort¬ 
gage  interest  rate. 

2.  The  effective  cost  of  capital  is  the  cost  the  consumer  must  pay  to 
borrow  the  money  to  finance  the  investment.  For  instance,  a  home  im¬ 
provement  loan  may  be  8-10%  over  the  inflation  rate,  giving  an  effective 
cost  of  capital  of  16-18%. 

3.  The  opportunity  cost  of  money  is  related  to  the  return  that  the  person 
might  get  with  a  complete  spectrum  of  investment  alternatives.  Where  is 
the  most  effective  place  to  invest  money?  The  opportunity  cost  of  money 
is  typically  25-35%  or  higher,  depending  on  the  investment  goals  of  the 
individual.  Commercial  enterprises  evaluate  energy  investments  based  on 
the  opportunity  cost  and  consequently  often  reject  energy  investments 
that  have  a  payback  period  of  greater  than  two  or  three  years. 

8.2.1  Return  on  Investment  Goals 

The  return  on  investment  (ROI)  goals  are  used  to  calculate  the  twenty- 
year  present  value  of  energy  savings  of  the  solar  energy  systems.  To  be 
cost-effective,  the  incremental  solar  system  cost  must  be  equal  to  or  less 
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than  the  present  value  of  the  energy  savings.  Assuming  a  fuel  cost  escala¬ 
tion  rate  of  3%,  if  a  maximum  allowable  incremental  cost  is  equal  to  the 
twenty-year  present  value  of  fuel  savings  at  a  desired  rate  of  return,  the 
discounted-cash-flow  payback  period  is  related  to  the  ROI  as  shown  in 
figure  8.4. 

By  using  the  dependence  of  market  penetration  on  payback  (figure  8. 1 ),  a 
market  penetration  goal  for  any  year  can  be  converted  into  a  payback 
goal.  The  payback  goal  is  converted  into  a  required  ROI  using  figure  8.4. 
The  required  payback  period  decreases  and  the  real  ROI  increases  as  the 
desired  market  pentration  increases  as  shown  in  table  8.1.  The  ROI  goal 
and  payback  goals  are  plotted  in  figure  8.5  and  establish  the  economic 
performance  goals  for  the  period  between  the  first  significant  market  pen¬ 
etration  in  1986  and  the  year  2000.  Achieving  a  20%  market  penetration 
would  require  a  system  with  a  payback  of  about  nine  years  or  a  real  ROI 
of  1 1  %  or  greater. 

Two  methods  can  be  used  to  compare  different  systems:  (1)  incremental 
system  cost  versus  first-year  energy  cost  saved  (in  dollars),  which  is  given 
by  the  modified  uniform  present  worth  factor,  and  (2)  the  incremental 
system  cost  for  unit  of  annual  energy  saved. 

The  ratio  of  maximum  allowable  incremental  system  cost  to  first-year 
energy  cost  saving  for  the  case  of  a  single  fuel  being  used  is  given  by  the 
modified  uniform  present  worth  factor.  The  present  value  is  based  on  the 
modified  uniform  present  worth  factor,  which  is  a  function  of  the  fuel 
escalation  rates  and  the  expected  real  ROI.  Figure  8.6  shows  the  uniform 
present  worth  factor  for  gas  and  for  electricity  for  a  system  life  of  twenty 
years,  assuming  conaes  a  escalation  rates  (Brooks  and  Ginzton.  1980).  It 
is  assumed  that  a  solar  cooling  or  cooling  and  heating  system  is  cost- 
effective  when  the  incremental  solar  system  cost  is  equal  to  (or  less  than) 
the  present  value  of  the  energy  savings. 

To  establish  cost  goals,  we  used  local  1980  energy  prices  and  fuel  escala¬ 
tion  rates  as  given  by  Brooks  and  Ginzton  (1980).  These  values  are  5.7% 
for  natural  gas  and  3.3%  for  electricity;  fuel  prices  for  1980  of  $3.16  106 
Btu  ($0.3 16/therm)  for  natural  gas  and  $19.29/106  Btu  ($0,066  kWh)  for 
electricity  and  a  general  inflation  rate  of  10%  were  also  used.  Figure  8.7 
shows  the  value  of  saving  106  Btu  (1.05  GJ)  of  electricity  or  gas  for 
twenty  years  as  a  function  of  ROI  and  starting  year  assuming  conaes  a 
luel  escalation  rates.  Present  values  at  some  future  date  are  expressed  in 
constant  1985  dollars.  The  shift  in  the  curves  toward  higher  present  value 
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Figure  8.4^ , 

Payback  as  a  function  of  real  return  on  investment  assuming  10%  inflation  rate  and 

3%  fuel  escalation  rate  (Warren  and  Wahlig,  1983). 


Table  8.1 

Economic  performance  goals  for  a  representative  system 


Goal 

Year 

1986 

1988 

1990 

1995 

2000 

Market  penetration  (%) 

0 

2.8 

5.9 

12.8 

20.0 

Payback  period  (yr) 

20 

16.3 

13.4 

10.5 

8.9 

Real  ROI  goal  (%) 

0 

2.7 

5.2 

8.8 

11.4 

Source:  Warren  and  Wahlig  (1985). 
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Figure  8.5 

Payback  goal  and  real  ROl  goal  as  a  function  of  year  to  reach  a  20°  »  market  penetration  in 
the  year  2000  (Warren  and  Wahlig,  1983). 


Real  return  on  investment  goal,  % 


Modified  uniform  present  worth  factor 
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Figure  8.6 

Twenty-year  modified  uniform  present  worth  factors  for  electricity  and  natural  gas  (Warren 
and  Wahlig,  1983). 
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Figure  8.7 

Real  return  on  investment  (discount  rate)  as  a  function  of  the  twenty-year  present  value  of 
106  Btu  (1.05  GJ)  fuel  savings  and  starting  year  using  conaes  a  fuel  escalation  rates  and 
10%  inflation  rate  (Warren  and  Wahlig,  1983).  N 


reflects  the  assumptions  made  concerning  escalation  of  fuel  prices  from 
1980  to  2000. 

By  using  either  of  the  methods  depicted  in  figures  8.6  and  8.7,  the  allow¬ 
able  incremental  solar  system  costs  can  be  calculated  as  a  function  of  real 
rate  of  return  and  year  of  purchase.  These  calculations  have  been  carried 
out  for  solar  cooling  and  heating  systems  on  representative  residential 
and  commercial  buildings  in  Atlanta,  Fort  Worth.  Miami,  Phoenix,  and 
Washington,  D.C.  figure  8.8  displays  the  allowable  incremental  costs  as 
a  function  of  ROI  for  diflerent  initial  years  of  purchase  for  a  residential 
solar  cooling  and  heating  system  in  Fort  Worth  compared  with  a  conven¬ 
tional  heat  pump  system. 

8.2.2  Net  Present  Value  versus  Simple  Payback 

The  analysis  of  the  economics  of  active  solar  systems  can  be  turned 
around  to  ask  the  question,  based  on  the  value  of  energy  savings.  How 
much  can  be  spent  on  the  system?  or  What  is  the  cost  goal  for  the  system? 


Cost  Requirements  for  Active  Solar  Heating  and  Cooling 


285 


Figure  8.8 

Real  return  on  investment  as  a  function  of  incremental  residential  solar  cooling  and  heating 
system  cost  (1985  dollars)  and  year  of  purchase  (Warren  and  Wahlig,  1983). 


Results  show  that  for  a  range  of  economic  assumptions  a  simple  payback 
analysis  assuming  a  five-,  seven-,  or  nine-year  payback  is  an  adequate 
figure  of  merit  in  establishing  cost  goals  for  active  solar  heating  and  cool¬ 
ing  technologies.  The  value  of  the  energy  saved  in  the  first  year  of  system 
operation  multiplied  by  the  payback  period  establishes  the  cost  goal 
(Scholten  and  Morehouse,  1983). 

I  evaluated  the  range  of  economic  assumptions  and  scenarios  by  deter¬ 
mining  the  cost  goal  multiplier  obtained  from  a  net  present  value  of 
future  energy  savings  over  a  five-,  seven-,  or  nine-year  period  under  a 
range  of  economic  assumptions.  With  a  range  in  escalating  rates  for  elec¬ 
tricity  from  0.3%  to  3.3%  and  for  natural  gas  from  1.0%  to  5.7%,  the 
cost  goal  multiplier  for  a  five-year  payback  ranges  from  4.7  to  5.4  and, 
for  a  nine-year  payback,  from  8.2  to  10.3. 

With  the  relatively  short  paybacks  required  for  market  acceptance  of  a 
new  technology,  the  fuel  escalation  rates  do  not  greatly  change  the 
payback  period.  Certainly  for  estimating  the  approximate  costs  of  future 
technologies,  the  uncertainties  generated  by  assuming  a  simple  payback 
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are  smaller  than  the  uncertainties  of  future  costs  of  collectors  and  other 
components.  Future  fuel  escalation  rates,  however,  have  a  significant  im¬ 
pact  on  the  first-year  energy  cost  savings  at  the  tjme  the  future  systems 
are  built.  One  solar  investment  strategy  is  to  defer  purchase  of  a  solar 
system  until  the  first  year  that  energy  cost  savings  are  greater  than  the 
annualized  cost  of  owning  and  operating  the  system.  A  less  conservative 
strategy  is  to  wait  until  levelized  annual  energy  cost  savings  over  the  life 
of  the  project  are  less  than  the  annualized  operating  cost. 

A  wide  range  of  incentives  are  available  that  can  make  investing  in  an 
active  solar  energy  system  more  attractive.  For  the  commercial  owner 
there  have  been  energy  and  investment  tax  credits,  depreciation  and  loan 
interest  expense  tax  deductions,  and  disincentives  of  income  tax  to  be 
paid  on  energy  cost  savings  (Hirshberg,  1977;  Moden,  1981).  For  the  resi¬ 
dential  owner  there  have  been  energy  tax  credits  and  tax  deductions  on 
loan  interest  expense. 

The  effects  of  tax  rate,  depreciation,  operation  and  maintenance,  and 
leveraging  the  investment  with  borrowed  money  can  be  shown  to  be  a 
multiplier  of  the  simple  cost  goal  (Scholten  and  Morehouse.  1983).  For 
residential  systems  this  multiplier  is  typically  1.03—1.10  without  energv  or 
investment  tax  credits.  For  commercial  systerhs  the  negative  impact  of  in¬ 
come  tax  paid  on  energy  savings  makes  the  factor  0.5-0.7  without  energy 
and  investment  tax  credits.  Large  tax  credits  reduce  the  capital  outlay 
and  the  effective  cost  of  the  system  by  as  much  as  40  50%. 

8.3  System  Cost  Goals 

The  ROI  of  a  solar  heating  and/or  cooling  system  depends  on  many  vari¬ 
ables.  The  ratio  of  the  allowable  incremental  cost  of  the  solar  system  to 
the  cost  of  a  conventional  cooling  system  depends  on  the  thermal  perfor¬ 
mance  of  the  solar  system  (which  determines  the  amount  of  conventional 
fuel  displaced  in  meeting  the  building  load),  the  efficiency  of  the  conven¬ 
tional  cooling  system  being  replaced,  the  cost  of  conventional  fuel  (fossil 
fuel  or  electricity)  being  displaced,  the  value  of  money  (discount,  interest, 
and  inflation  rates),  maintenance  expenses,  the  system  life,  and  the  ex¬ 
pected  rate  ol  return  on  investment.  Most  of  these  parameters  change 
with  time  and  geographic  location.  System  life  for  this  analysis  is  assumed 
to  be  twenty  years. 
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Figure  8.9 

Annual  residential  electric  cooling  and  gas  heating  energy  consumption  for  selected  cities 
based  on  doe  2.1  simulation  analysis  (Warren  and  Wahlig,  1983). 


8.3.1  Test  Locations 

The  geographical  distribution  of  the  space  cooling  market  was  analyzed 
by  examining  the  current  cooling  market  and  making  projections 
(Warren  and  Wahlig,  1982).  Figure  8.9  shows  the  geographical  distribu¬ 
tion  of  the  space  cooling  load  as  represented  by  annual  residential  heat¬ 
ing  and  cooling  loads  for  thirty-two  cities  (based  on  doe  2.1  simulation 
runs).  From  this  analysis  five  cities — Miami,  Phoenix,  Fort  Worth, 
Atlanta,  and  Washington,  D.C. — were  identified  as  representing  a  wide 
range  of  cooling  and  cooling  and  heating  climates. 

8.3.2  Thermal  Performance  Analysis 

Simulations  of  the  annual  thermal  performance  of  active  solar  Rankine 
and  absorption  cooling  and  heating  systems  (Yersteegen  and  Morehouse, 
1979;  Hughes  et  al.,  1981a)  have  been  conducted  using  trnsys  (Uni¬ 
versity  of  Wisconsin,  1983).  These  calculations  have  been  carried  out  for 
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residential  solar  cooling  and  heating  systems  in  four  cities  (Fort  Worth, 
Phoenix,  Miami,  and  Washington,  D.C.)  and  for  commercial  solar  cool¬ 
ing-only  systems  in  three  cities  (Fort  Worth,  Phoenix,  and  Miami),  which 
are  representative  of  the  cooling  market. 

Three  types  of  systems  were  evaluated:  residential  3-ton  absorption 
(ARKLA  Corp.),  commercial  25-ton  absorption  (ARKLA  Corp.),  and 
commercial  25-ton  Rankine  (AiResearch  Corp.).  One  ton  of  refrigeration 
is  equivalent  to  12,000  Btu/h  (12.7  MJ/h). 

The  residential  buildings  used  in  the  analysis  are  taken  from  LeBoeuf 
(1980).  Typical  single-family  residences  were  chosen  for  southern  cities, 
represented  by  Fort  Worth,  and  for  more  northerly  locations,  represented 
by  Washington,  D.C.  Hourly  building  load  calculations  were  based  on  a 
TRNSYS-compatible,  standardized  residential  load  model.  Hourly  residen¬ 
tial  load  calculations  and  system  performance  calculations  proceed  simul¬ 
taneously  in  the  hourly  trnsys  simulation. 

The  small,  well-constructed,  seven-zone  office  building  used  in  the  anal¬ 
ysis  has  a  nominal  design  cooling  load  of  25  tons  and  meets  or  exceeds 
ASHRAE  90—75  standards  (ASHRAE,  1975).  Additional  energy  conser¬ 
vation  features,  such  as  low  total  lighting  levels  and  minimum  ventilation 
rate,  are  incorporated.  The  building  was  originally  described  for  Washing¬ 
ton,  D.C.;  however,  the  description  is  adequate  in  other  geographic  loca¬ 
tions  if  the  gross  air  circulation  value  is  changed  for  each  location.  Building 
loads  were  generated  using  the  computer  code  doe  :.i  (Lawrence  Berkeley 
Laboratory,  1980)  and  were  used  as  inputs  to  the  trnsys  simulations. 

8.3.3  Establishing  Cost  Goals 

For  a  given  solar  system  there  is  an  annual  fuel  savings.  For  a  given  first 
year  of  operation  there  is  a  minimum  ROI  to  meet  the  market  penetration 
goal,  shown  in  figure  8.5.  At  that  ROI,  with  assumptions  about  annual 
luel  savings  and  fuel  costs,  the  twenty-year  present  value  of  fuel  savings 
can  be  calculated  and  set  equal  to  the  incremental  system  cost  goal.  Incre¬ 
mental  system  cost  goals  as  a  function  ol  year  have  been  generated  for 
residential  solar  cooling  systems  for  cooling  and  heating,  as  shown  in 
figure  8.10.  The  performance  of  systems  in  Washington,  D.C.,  is  typical 
ol  these  residential  systems.  Figure  8.11  shows  the  incremental  system 
cost  goals  for  commercial  systems  for  cooling  only. 

Considerable  care  should  be  taken  in  extrapolating  these  representa¬ 
tive  system  costs  to  other  systems.  These  incremental  cost  goals  have 
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Figure  8.10 

Residential  incremental  solar  system  cost  goals  for  representative  3-ton  cooling  systems  in 
four  cities  to  achieve  20%  market  penetration  in  the  year  2000  (Warren  and  Wahlig,  1983). 


been  developed  for  specific  systems  and  buildings  in  representative  geo¬ 
graphic  locations.  For  example,  two  commercial  systems  (absorption  and 
Rankine)  with  a  25-ton  chiller  serving  a  building  with  a  25-ton  peak  cool¬ 
ing  load  have  been  modeled  in  Phoenix,  Arizona.  The  collector  array  has 
been  sized  to  1,600  ft2  (150  m2)  in  each  case.  Using  as  a  rule  of  thumb  for 
driving  a  chiller  the  figure  of  130  ft2  (12  m2)  of  collector  per  ton  of  cool¬ 
ing,  the  collector  array  might  appear  to  have  been  sized  for  an  approxi¬ 
mately  12.5-ton  solar  chiller.  The  array  certainly  will  not  be  able  to  run 
the  chiller  at  peak  capacity.  However,  80%  of  the  time  the  chiller  load 
will  be  50%  of  the  peak  capacity  or  less,  and  the  lower  collector  area  is 
adequate  to  produce  the  annual  solar  cooling  achieved.  The  peak  build¬ 
ing  load  of  25  tons  could  be  met  in  various  ways,  for  example,  by  driving 
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Figure  8. 11 

Rankine  and  absorption  commercial  incremental  solar  system  cost  goals  for  representative 
25-ton  cooling  systems  in  three  cities  to  achieve  20%  market  penetration  in  the  year  '’000 
(Warren  and  Wahlig,  1983). 
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Table  8.2 

Incremental  system  cost  goals  for  commercial  and  residential  absorption  systems  in 
Phoenix 


Year 

System 

1986 

2000 

Commercial  absorption 

$75,000 

$42,500 

(150  m2,  12.5  ton) 

$ 500/m 2 

$283/m2 

$6,000/ton 

$3,400/ton 

Residential  absorption 

$28,800 

$15,200 

(50  m2,  3  ton) 

$576/m2 

$305/m2 

$9,600/ton 

$5,080/ton 

Source:  Warren  and  Wahlig  (1983). 


the  solar  chiller  to  25  tons  capacity  with  auxiliary  (a  gas  boiler  for  the 
absorption  system  and  purchased  electricity  for  the  Rankine  system)  or 
by  using  a  12.5-ton  solar  chiller  in  parallel  with  a  25-ton  or  12.5-ton  con¬ 
ventional  electric  or  gas-fired  chiller,  with  or  without  cold  storage. 

For  the  3-ton  residential  system  analyzed  here,  which  includes  cooling, 
heating,  and  hot  water  loads,  a  collector  area  of  538  ft2  (50  m2)  or  179 
ft2/ton  (17  m2/ton)  was  selected.  Thus  this  collector  array  should  be  capa¬ 
ble  of  operating  the  chiller  at  full  capacity. 

I  did  a  commercial  analysis  for  cooling  only,  although  I  did  not  include 
the  additional  economic  benefit  derived  from  using  the  same  solar  col¬ 
lectors  to  provide  heating.  Inasmuch  as  the  collector  area  determines  the 
amount  of  solar  energy  collected  and  the  collectors  constitute  the  single 
largest  cost  item,  the  incremental  solar  system  cost  per  unit  collector  area 
is  a  commonly  used  measure  of  the  cost  goal.  Similarly,  the  incremental 
solar  system  cost  per  ton  of  cooling  is  also  sometimes  used  as  a  cost  goal 
measure.  Accordingly  table  8.2  presents  the  incremental  solar  system  cost 
goals,  the  cost  goals  per  unit  collector  area,  and  the  cost  goals  per  ton  of 
cooling  based  on  simulation  analysis  in  Phoenix,  Arizona. 

8.3.4  Comparing  Costs  and  Goals 

Figure  8.12  shows  preliminary  subsystem  cost  estimates  for  a  residential 
system.  These  values  are  based  on  estimates  of  subsystem  cost  and  per¬ 
formance  improvements.  Figure  8.13  plots  the  projected  solar  system 
costs  for  a  given  year  and  the  projected  cost  goal  for  a  typical  residential 
system.  The  difference  between  the  projected  costs  and  the  cost  goals  is 
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Figure  8.12 

System  cost  projections  for  a  3-ton  residential  absorption  cooling,  heating,  and  hot  water 
system  showing  subsystem  costs  (Warren  and  Wahlig.  1983). 


Incremental  system  costs,  cost  goals,  and  tax  incentives  (thousands  of  1985  $) 
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Commercial  absorption  system 


Figure  8.13 

Typical  incremental  cost  goals,  projected  incremental  system  costs,  and  required  incentives 
for  a  commercial  absorption  cooling  system  as  a  function  of  year  of  purchase  to  achieve  a 
20%  market  penetration  in  the  year  2000  (Warren  and  Wahlig,  1983). 
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the  amount  of  incentives  or  subsidies  required  for  active  solar  cooling  to 
achieve  the  desired  cost  to  the  residential  consumer  and  thus  to  achieve 
the  desired  market  penetration.  These  required  incentives  are  also  plotted 
in  figure  8.13  and  are  projected  to  decrease  steadily  from  1985  to  2000. 

8.4  Subsystem  Cost  and  Performance  Goals 

The  solar  cooling  system  cost  goals  for  different  locations  can,  in  turn,  be 
subdivided  into  subsystem  cost  and  performance  goals.  Such  a  breakdown 
is  not  unique,  in  that  the  subsystem  cost  allocations  can  be  individually 
varied  so  long  as  the  overall  system  cost  goal  is  achieved.  Subsystem  costs 
probably  will  be  reduced  substantially  by  technical  improvements  in  sub¬ 
system  performance  (for  example,  increased  chiller  efficiency  resulting  in 
reduced  collector  subsystem  array  size),  by  volume  production  economies, 
and  by  improved  packaging  that  will  reduce  system  engineering  and  in¬ 
stallation  costs. 

Estimating  costs  of  active  solar  systems  requires  a  detailed  design,  in¬ 
cluding  the  size  of  the  collector  array  and  storage,  the  system  configura¬ 
tion  and  control  sequences,  and  the  piping  layouts.  As  part  of  the  Active 
Program  Research  Requirements  (APRR)  assessment.  Science  Applica¬ 
tions,  Inc.  (Scholten  and  Morehouse,  1983)  developed  a  unified  cost  cata¬ 
logue  showing  present  and  projected  future  costs  of  different  solar  com¬ 
ponents  (Science  Applications  Inc.,  1983).  This  catalogue  should  not  be 
used  to  estimate  costs  of  actual  construction  projects,  but  it  does  estab¬ 
lish  a  uniform  basis  for  comparing  the  costs  of  different  technologies. 
With  the  experience  developed  in  the  many  active  solar  installations,  the 
costs  of  collector  arrays,  mounting,  piping,  storage,  etc.,  are  becoming 
better  established,  and  standard  engineering  cost  estimation  can  be  used. 

Principal  subsystems  include  collector,  energy  transport,  storage,  heat¬ 
ing,  domestic  hot  water,  and  chiller.  The  collector  subsystem  includes 
the  collectors  with  mounting  structure  and  installation,  piping,  and  in¬ 
sulation.  The  energy  transport  subsystem  includes  loop  piping,  fittings, 
insulation,  pumps,  valves,  heat  exchangers,  fluids,  electrical  work,  and 
controls.  The  storage  subsystem  includes  hot  or  cold  sensible  or  latent 
heat  storage.  The  chiller  subsystem  includes  either  a  Rankine  chiller  with 
auxiliary  motor  and  cooling  tower,  an  absorption  chiller  with  auxiliary 
boiler  and  cooling  tower,  or  a  desiccant  chiller. 

The  cost,  performance,  and  reliability  of  all  active  solar  technologies 
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must  be  improved  if  solar  energy  is  to  play  a  major  role  in  the  market¬ 
place.  The  cost  of  collecting  solar  energy  must  be  reduced  if  domestic 
space  and  water  heating  are  to  remain  economically  attractive  as  the  tax 
credits  are  phased  out.  Advanced  absorption,  Rankine,  and  desiccant 
cooling  technologies  must  be  developed  for  solar  energy  to  contribute  to 
space  cooling. 

8.4.1  Collector  Array  Costs 

The  collector  array  is  usually  one  of  the  major  costs  of  any  active  solar 
cooling  system.  A  key  to  cost-effective  cooling  systems  is  reducing  the 
collector  array  costs.  For  residential  systems  with  less  than  about  500  ft2 
(50  m2)  of  collector  area,  the  collectors  can  usually  be  mounted  directly 
on  the  roof,  with  no  support  structure  necessary.  For  commercial  sys¬ 
tems,  however,  a  support  structure  is  often  needed  to  tie  the  building 
structure  to  the  collectors  themselves.  For  the  high-performance  chillers 
operating  at  higher  temperatures,  evacuated  tubes  with  reflectors  or  par¬ 
abolic  trough  collectors  will  likely  be  used. 

A  key  to  low-cost  collectors  is  the  use  of  lightweight,  inexpensive  mate¬ 
rials  that  reduce  the  costs  of  the  collectors,  the  supporting  structure,  and 
the  installation  labor.  The  cost  to  a  contractor  of  a  flat-plate  collector  can 
conceivably  be  reduced  from  a  present  cost  of  typically  $15/ft2  ($  160/m2) 
in  1985  dollars  to  about  $3. 2/ft2  ($34/m2)  (Kutscher  et  al.,  1984).  The 
Low-Cost  Collector  Program  has  projected  the  manufacturing  cost  of  a 
linear  trough  collector  with  a  lightweight  reflector  and  iron  pipe  absorber 
at  $6.50-$8. 50/ft2  ($70-$90/m2).  One  vendor  currently  has  developed 
such  a  collector  with  an  installed  cost  of  about  $21/ft2  ($225/m2)  (1985 
dollars). 

Jacobsen  and  Ackerman  (1981)  summarized  the  current  costs  of  manu¬ 
facturing,  distributing,  and  installing  residential  water  heating  and  space 
conditioning  systems  using  flat-plate  and  evacuated  tube  collectors.  They 
concluded  that  developing  packaged  and  standardized  subsystems  will 
reduce  system  engineering  and  installation  costs.  The  historical  price  of 
the  residential  heat  pump  shown  in  figure  8.3  indicates  that  price  has 
been  significantly  reduced  as  the  volume  of  production  increases  and 
learning  curve  experience  accumulates.  They  examined  the  cost  reduction 
opportunities  and  developed  a  range  of  system  costs  that  may  be  antici¬ 
pated  by  a  mature  solar  industry.  They  projected  that  costs  could  be  dra¬ 
matically  reduced  for  both  flat-plate  and  evacuated  tube  collectors  as  the 
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Figure  8.14 

Future  solar  system  collector  costs  as  a  function  of  annual  collector  production  (Jacobsen 
and  Ackerman,  1981). 


volume  of  collectors  produced  increased,  as  shown  in  figure  8.14  (Jacobsen 
and  Ackerman,  1981).  The  potential  for  reducing  costs  is  significant. 
With  automation  and  a  production  volume  of  greater  than  200.000  panels 
per  year  in  a  single  facility,  the  cost  of  evacuated  tube  collectors  can  be 
reduced  to  $8.50/ft“  ($90/m2)  (1985  dollars).  The  sudden  drops  in  price 
shown  in  figure  8.14  result  from  economies  of  scale  when  annual  produc¬ 
tion  reaches  sufficient  levels. 

An  alternative  future  development  path  for  active  solar  cooling  uses 
low-temperature,  lower-performance  technology.  Current  absorption 
chillers  with  a  coefficient  of  performance  (COP)  of  0.7  or  desiccant 
coolers  have  the  distinct  advantage  of  operating  at  temperatures  below 
203°F  (95°C).  Performance  of  these  systems  could  be  adequate  if  low- 
cost,  high-performance  collectors  could  be  developed.  Referring  to  figure 
8.14,  low  cost  can  be  defined  as  collector  costs  of  about  $7.80/'ft2  ($85  m2) 
(1985  dollars).  High  performance  in  this  context  means  an  efficiency  of 
about  40-50%  at  a  typical  absorption  chiller  driving  temperature  of 
about  185  F  (85 °C).  Work  at  Brookhaven  National  Laboratory  has  de¬ 
veloped  solar  collectors  using  polymer  film  technology  (Wilhelm  and 
Andrews,  1982)  that  could  have  sufficiently  high  performance  and  low 
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cost,  but  serious  material  bonding  problems  must  be  solved  before  the 
technology  is  acceptable  to  the  market. 

8.4.2  Thermal  Performance  Improvement 

The  thermal  performance  of  active  solar  cooling  systems  can  be  improved 
by  increasing  the  thermal  COP  of  the  absorption  chillers,  thereby  reduc¬ 
ing  the  solar  heat  input,  collector  area,  and  heat  rejection  requirements 
for  meeting  a  given  fraction  0/  the  cooling  load.  The  efficiency  of  the  col¬ 
lector  systems  also  can  be  improved. 

Technical  improvements  in  subsystem  performance  are  anticipated. 
For  the  residential  3-ton  absorption  chiller  and  for  the  commercial  25-ton 
absorption  chiller,  the  current  COP  of  about  0.7  should  stay  relatively 
constant  until  double-effect  absorption  chillers  are  developed  and  intro¬ 
duced  in  these  sizes,  at  which  time  the  COP  should  increase  to  about  1.3. 
Today’s  lithium  bromide,  single-effect  absorption  chillers  have  a  maxi¬ 
mum  COP  of  0.72,  whereas  the  COP  of  double-effect  chillers  can  ap¬ 
proach  1.15.  Advanced  ammonia- water  absorption  chillers  presently 
under  development,  if  successful,  will  operate  at  higher  temperatures  with 
improved  COP  of  1.25-1.55  at  280°F  (138°C)  (Dao,  1978). 

The  size  of  the  collector  array  depends  on  the  COP  of  the  chiller.  At  a 
COP  of  0.7,  a  peak  heat  input  of  125  kW  (430  kBtu/h)  is  needed  to  operate 
a  chiller  at  25  tons.  With  a  solar  input  of  300  Btu/h  ft2  (946  W/m2)  and  a 
collector  efficiency  of  45%,  the  collector  area  required  to  drive  the  chiller 
at  full  capacity  is  about  130  ft2/ton  (12  m2/ton).  As  the  COP  of  the  chiller 
is  increased,  the  required  energy  collected  and  collection  area  will  be  re¬ 
duced  correspondingly.  For  example,  if  the  COP  is  increased  from  0.7  to 

1.3  and  if  the  collector  efficiency  is  maintained  at  45%,  then  the  required 
collector  area  would  drop  from  129  ft2/ton  (12  m2/ton)  to  70  ft2/ton 
(6.5  m2/ton). 

8.4.3  Electrical  Performance  Improvement 

Crucial  to  the  development  of  cost-effective  solar  cooling  systems  is  re¬ 
ducing  parasitic  mechanical  and  electrical  energy  consumption.  The  elec¬ 
tric  energy  consumption  of  the  chiller  system  consists  of  energy  to  run  the 
collector  loop  and  to  run  the  generator,  solution,  and  chilled-water 
pumps  on  the  absorption  chiller  or  the  boiler  and  chilled  water  pumps  on 
the  Rankine  system;  energy  is  also  needed  to  reject  heat.  The  electrical 
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energy  consumption  can  be  reduced  by  proper  design  and  sizing  of 
pumps,  piping,  and  heat  exchangers  in  the  collector  loop  and  the  chiller. 

The  energy  required  to  reject  heat  to  the  environment  depends  on  the 
type  of  sink  used  (wet  cooling  tower,  air-cooled  dry  coil,  or  wet  coil  evap¬ 
orative  cooler),  the  fan  power  to  provide  air  movement,  and  the  pumping 
power  required.  The  evaporatively  cooled  direct  condenser  coil  can  reject 
heat  near  the  outdoor  wet  bulb  temperature  and  has  the  lowest  combined 
fan  and  pumping  power  requirement;  however,  it  has  additional  mainte¬ 
nance  requirements.  Because  today’s  active  solar  cooling  system  must 
reject  almost  twice  the  heat  as  a  conventional  system,  it  requires  twice 
the  fan  energy  for  the  same  efficiency  of  heat  rejection.  Clearly  the  need 
for  heat  rejection  limits  the  possible  energy  savings  for  the  solar  cooling 
systems. 

Computer  simulations  by  Warren  and  Wahlig  (1985)  using  trnsys 
(University  of  Wisconsin,  1983)  predict  smaller  than  expected  energy  sav¬ 
ings  for  active  cooling  and  heating  systems  primarily  because  of  increased 
estimates  of  parasitic  power  consumption  and  the  use  of  more  efficient 
conventional  air  conditioning  for  comparison  to  the  solar  system  perfor¬ 
mance.  Figure  8.15  shows  the  predicted  annual  total  electrical  energy  use 
for  a  25-ton  system  as  a  function  of  collector  area.  Also  shown  are  the 
solar  auxiliary  use,  the  conventional  energy  use  to  serve  the  same  cooling 
load,  and  the  f-chart  (University  of  Wisconsin,  1981)  predictions  for  the 
auxiliary  energy  use.  It  is  important  to  validate  the  trnsys  simulation 
against  real  system  data  to  establish  that  the  projected  energy  savings  are 
correct.  In  developing  new  chillers,  parasitic  power  consumption  must  be 
reduced  and  COP  of  the  absorption  chillers  improved  for  the  system  to  be 
cost  competitive. 

8,5  Commercial  Absorption  Cooling  System  Example 

The  Active  Program  Research  Requirements  (APRR)  assessment  (Schol- 
ten  and  Morehouse,  1983)  established  a  methodology  to  compare  the 
performance  and  economic  viability  of  different  active  solar  space  con¬ 
ditioning  systems.  Today,  with  an  established  solar  industry,  the  costs 
and  performance  of  active  solar  heating  and  hot  water  systems  are  better 
defined  so  that  the  economic  decisions  are  straightforward.  The  tech¬ 
nologies  of  solar  absorption  heat  pumps,  solar  desiccant  cooling  systems. 


Cost  Requirements  for  Active  Solar  Heating  and  Cooling 


299 


Collector  area,  ft2 


1000  2000  3000  4000  5000 


Figure  8.15 

Electrical  energy  consumption  (GJc/yr)  for  a  25-ton  solar  absorption  cooling  system  with 
electric  vapor  compression  backup  in  Phoenix  as  a  function  of  collector  area  (Warren  and 
Wahlig,  1985). 
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and  heat-engine-driven  heat  pumps,  which  are  still  being  developed,  can 
be  evaluated  as  better  performance  and  cost  data  become  available. 

Establishing  cost  goals  for  future  active  solar  systems  is  useful  for  eval¬ 
uating  different  solar  cooling  technologies.  The  system  incremental  cost 
goals  for  the  year  2000  have  been  calculated  based  on  the  present  value  of 
future  energy  savings  discounted  at  a  rate  of  ROI  sufficient  to  stimulate 
significant  market  penetration.  The  present  value  of  future  energy  sav¬ 
ings  is  calculated  assuming  a  twenty-year  system  life  and  a  nine-  or  five- 
year  simple  payback  period.  Because  my  analysis  focuses  on  determining 
rough  cost  goals  for  future  technologies  and  because  tax  considerations 
change  with  legislation,  I  have  not  included  the  effect  of  tax  credits,  tax 
rates,  depreciation,  etc.  in  this  analysis. 

In  the  commercial  market  the  cost  of  a  solar  cooling  system  should  be 
paid  back  from  energy  cost  savings  in  no  more  than  five  years.  This 
payback  is  equivalent  to  a  23%  real  ROI  over  the  twenty-year  life  of  the 
system.  In  the  residential  market  the  cost  of  the  solar  cooling  system 
should  be  paid  back  out  of  savings  in  no  more  than  nine  years. 

The  energy  savings  potential  of  both  residential  and  commercial  active 
solar  cooling  systems  needs  to  be  assessed  to  establish  future  cost  goals 
and  to  define  research  needs.  The  energy  savings  potential  of  current 
absorption  and  Rankine  cooling  systems  was  estimated  by  analysis  of  de¬ 
tailed  computer  simulations  using  trnsys  in  four  cities  (Phoenix,  Miami. 
Fort  Worth,  and  Washington,  D.C.)  and  by  projecting  electrical  and 
thermal  performance  improvements  that  can  and  must  be  made  for  eco¬ 
nomically  viable  systems  (Warren  and  Liers.  1983). 

The  energy  savings  produced  by  an  active  solar  heating  and  cooling 
system  are  determined  in  part  by  the  energy  requirements  for  space  con¬ 
ditioning  by  conventional  means.  Considerable  advances  in  fossil-fuel 
fired  heating  and  cooling  equipment  expected  between  now  and  the  year 
2000  will  reduce  the  predicted  energy  savings.  The  performance  of  con¬ 
ventional  heat  pumps  and  vapor  compression  air  conditioners  will  be  im¬ 
proved  by  more  efficient  motors  and  optimized  heat  exchanger  areas.  The 
development  of  pulse  combustion  gas-fired  furnaces  will  increase  the 
heating  efficiency  to  90%  or  greater.  For  my  analysis  the  seasonal  COP 
of  commercial  cooling  systems  was  assumed  to  be  4.0. 

Figure  8.16  shows  a  representative  solar-fired  commercial  absorption 
system.  The  baseline  25-ton  absorption  chiller  operates  with  a  COP  of  0.7 
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Figure  8.16 

Water-cooled  commercial  absorption  cooling  system  (Warren  and  Liers,  1983). 
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Table  8.3 

Energy  savings  in  Phoenix  for  a  commercial  solar-fired  absorption  cooling  system 
(1985  dollars) 


Backup  energy  source  * 


Savings 

Electric 

baseline 

Electric 

improved 

Electric 

advanced 

Gas 

advanced 

Conventional  electrical,  GJe 

91.4 

91.4 

91.4 

91.4 

Solar  electrical  energy,  GJe 

52.3 

40.0 

34.4 

23.7 

Net  electrical  energy  savings,  GJe 

39.1 

51.4 

57.0 

67.8 

(106  BtuJ 

37.2 

48.7 

54.1 

64.3 

Solar  natural  gas  required,  GJg 

30.6 

Natural  gas  energy  savings,  GJg 

30.6 

(106  Btug) 

29.0 

First  year  200  fuel  cost  savings 

$1,685 

$2,210 

$2,455 

$2,575 

Cost  goal  20-year  payback 

$32,800 

$42,390 

S47,585 

$48,590 

Cost  goal  9-year  payback 

$16,645 

$21,780 

$24,240 

$24,910 

Cost  goal  5-year  payback 

$8,715 

$13,395 

$12,735 

$13,180 

Source:  Warren  and  Liers  (1983). 


at  a  firing  temperature  of  195°F  (90°C)  and  has  an  electrically  operated 
backup  chiller.  Advanced  chillers  proposed  or  under  development  are 
projected  to  operate  with  a  COP  as  high  ks  1.55  at  an  operating  tem¬ 
perature  of  280°F  (140°C).  For  the  baseline  systems  the  collector  loop 
consists  of  about  2500  ft2  (232  m2)  of  evacuated  tube  collectors.  For  the 
advanced  systems  providing  the  same  solar  fraction,  the  collector  loop 
consists  of  about  915  ft2  (85  m2)  of  advanced,  integrated  CPC  evacuated 
tube  collectors  or  equivalent  high-performance,  linear  trough  collectors. 
Backup  can  be  provided  with  a  conventional  electric  chiller  or  with  a  gas 
boiler  firing  the  absorption  chiller.  For  advanced  systems  the  gas  backup 
boiler  can  be  integrated  into  the  absorption  chiller. 

Performance  estimates  of  the  baseline  system  have  been  obtained  from 
the  detailed  simulation  by  Choi  and  Morehouse  (1982).  The  performance 
of  the  improved  systems  have  been  estimated  assuming  a  reduction  in  the 
parasitic  power  consumption  for  the  chiller  by  about  20%  and  for  heat 
rejection  by  about  a  factor  of  2.  The  energy  savings  of  the  baseline  and 
improved  solar-fired  absorption  cooling  system  are  shown  in  table  8.3. 
The  energy  conventional  cooling  system  is  a  vapor  compression  chiller 
with  a  seasonal  electrical  COP  of  4.0  (thermal/electrical). 

System  performance  with  advanced  collectors  and  chillers  has  been  es- 


Cost  Requirements  for  Active  Solar  Heating  and  Cooling 


303 


timated  assuming  that  (1)  the  thermal  COP  of  the  absorption  chiller  is  in¬ 
creased  from  0.7  to  about  1.55  and  the  operating  temperature  is  increased 
from  195°F  (90°C)  to  280°F  (140°C),  based  on  projections  of  advanced 
chiller  performance  to  be  achieved  by  research  in  progress;  (2)  the  collec¬ 
tor  area  is  reduced  to  give  the  same  solar  fraction  for  cooling,  considering 
both  the  increased  chiller  COP  and  the  use  of  the  integrated  compound, 
parabolic  reflector,  evacuated  tube  collector  that  has  been  proposed  and 
tested  (Winston  and  O’Gallagher,  1981);  and  (3)  the  backup  cooling  is 
provided  by  an  integrated  gas  boiler  that  operates  at  a  COP  of  1 .55. 

Figure  8.17  shows  the  projected  improvement  in  electrical  energy  sav¬ 
ings  for  a  25-ton  solar-fired  absorption  cooling  system  as  the  electrical 
efficiency  for  heat  rejection,  chiller  operation,  and  collector  loop  operation 
are  improved.  The  effect  of  advanced  system  performance  on  electrical 
energy  savings  is  also  shown.  The  main  benefit  of  the  advanced  systems 
arises  from  reducing  in  the  collector  area  and  cost  and  reducing  in  the 
heat  rejection  required  by  the  chiller.  Integrating  the  gas  backup  into 
the  chiller  also  decreases  the  total  system  cost  because  separate  backup 
equipment  is  not  needed. 

The  cost  of  today’s  active  solar  cooling  systems  has  been  estimated  by 
engineering  analysis.  Clearly  this  cost  must  be  reduced.  Assumptions 
must  be  made  about  the  cost  reductions  for  future  systems.  The  precise 
costs  that  can  be  reached  are  a  matter  of  speculation.  Table  8.4  shows  the 
projected  cost  of  present,  improved,  and  advanced  solar-fired  absorption 
cooling  systems  in  the  year  2000,  as  expressed  in  constant  1985  dollars. 

Today’s  installed  collector  and  support  cost  of  $38/ft2  ($415/m2)  (1985 
dollars)  must  be  reduced  to  about  $  10/ft2  ($  110/m2).  Currently,  25-ton 
gas-fired  water-cooled  absorption  chillers  have  an  installed  cost  of  about 
$530/ton.  If  the  cost  of  advanced  solar-fired  absorption  chillers  with  in¬ 
tegral  gas  backup  can  be  reduced  to  that  of  today’s  chillers,  the  ultimate 
cost  of  the  advanced  absorption  chillers  would  be  reduced  from  about 
$980/ton  to  $530/ton.  Based  on  this  analysis,  an  active  solar-fired,  high- 
performance  absorption  heat  pump  in  a  cooling-only  mode  with  an  in¬ 
tegrated  gas-fired  heat  pump  backup  should  achieve  costs  that  give  ap¬ 
proximately  a  nine-year  payback.  This  is  seen  by  comparing  the  final 
estimated  incremental  system  cost  of  $25,000  with  the  final-column  cost 
goals  in  table  8.3. 
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Figure  8.17 

Projected  electrical  energy  savings  with  improvements  in  heat  rejection,  chiller  and  collector 
parasitic  energy  usage,  and  chiller  thermal  improvement  (Warren  and  Liers,  1983). 
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Table  8.4 

Component  and  systems  costs  for  commercial  solar-fired  absorption  cooling  systems 
(1985  dollars) 


Backup  energy  source 


Costs 

Electric 

baseline 

Electric 

improved 

Gas 

advanced 

Advanced 

Collector  area  (m2) 

230 

232 

93 

93 

Collector  area  (ft2) 

2500 

2500 

1000 

1000 

Chiller  COP 

0.7 

0.7 

1.55 

1.55 

Collectors  (installed) 

$95,500 

$25,000 

$10,000 

$10,000 

Storage 

9,200 

9,200 

9,200 

9,200 

Solar-fired  chiller 

27,400 

13,700 

13,700 

13,700 

Cooling  tower 

6,500 

6,500 

4,800 

4,800 

Backup  chiller 

14,700 

14,700 

14,700 

Controls 

11,800 

3,400 

3,400 

3,400 

Miscellaneous  pumps,  piping,  etc. 

10,500 

10,500 

10.500 

10,500 

Total  system  cost 

$175,100 

$83,000 

$66,000 

$51,400 

Conventional  cost 

$26,400 

$26,400 

$26,400 

$26,400 

Estimated  incremental  cost 

$149,200 

$56,600 

$39,700 

$25,000 

Source:  Waren  and  Liers  (1983). 


8.6  Conclusions 

At  present,  solar  heating  and  cooling  technology  is  not  cost-effective  in 
the  marketplace.  Even  though  the  application  of  solar  energy  is  known  to 
save  renewables,  the  solar  industry  is  driven  primarily  by  market  forces 
that  are  currently  unfavorable  to  it.  Not  only  has  the  cost  of  fossil  fuels 
reached  lows  undreamed  of  in  the  recent  past,  but  solar  tax  incentives  are 
gone  as  well. 

Market  forces  will  continue  to  shape  the  future  of  solar  cooling  and 
heating  technology.  Adoption  of  solar  space  cooling  will  depend  on  the 
development  of  reliable  and  effective  energy  conversion  devices,  such  as 
thermally  fired  heat  pumps  and  desiccant  dehumidification  with  evapora¬ 
tive  cooling.  These  devices  will  be  more  efficient  than  conventional  cool¬ 
ing  systems,  will  make  thermally  fired  systems  competitive  with  electric 
vapor  compression  cooling,  and  will  reduce  our  consumption  of  nonre¬ 
newable  energy  presently  used  to  provide  cooling.  In  terms  of  heating, 
solar  will  have  to  compete  with  fossil  fuels,  requiring  the  development  of 
highly  efficient  and  low-cost  solar  collection  and  transportation  systems. 
Likewise,  solar  technology  for  space  and  domestic  hot  water  heating  will 
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depend  on  the  development  of  cost  effective  packaged  systems  to  deliver 
the  solar  energy  to  the  application. 

Ultimately  widespread  use  of  solar  technology  for  solar  heating  and 
cooling  depends  on  achieving  cost  and  performance  goals  and  on  devel¬ 
oping  reliable  systems  that  can  be  easily  maintained.  The  cost  requirements 
for  a  successful  solar  technology  will  depend  on  the  factors  discussed  in 
this  chapter.  These  include  the  thermal  and  electrical  performance  of  the 
solar  technology  and  the  competing  conventional  alternative  to  meet  the 
specific  end-uses,  the  return  on  investment  or  payback  expectation  of  the 
potential  user,  and  the  component  and  installation  costs.  These  cost  re¬ 
quirements  apply  equally  to  open-  and  closed-cycle  absorption  systems, 
Rankine  systems,  and  desiccant  systems.  Work  continues  to  define  new 
technology  options  to  displace  nonrenewable  energy  with  solar  energy 
for  solar  cooling  and  heating  systems  (Bankston  and  Breger,  1986). 
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Cost  Requirements  for  Passive  Solar  Heating  and  Cooling 


Charles  R.  Hauer 

Passive  solar  technology  involves  the  systems  and  components  integrated 
into  a  design  of  a  building  for  solar  heating,  cooling,  and  lighting.  It  also 
encompasses  such  diverse  factors  as  building  orientation,  site  prepara¬ 
tion,  building  design,  and  landscaping.  Because  passive  concepts  reflect 
integrated  design  rather  than  just  solar  collector  area  and  thermodynamic 
efficiency,  economic  or  performance  analyses  of  passive  solar  systems  are 
difficult  and  must  be  based  on  total  building  performance;  that  is,  per¬ 
formance  must  be  related  to  building  comfort  and  the  effective  use  of 
solar  energy.  Investigators  have  addressed  this  need  by  studying  the  ana¬ 
lytical  and  economic  issues  of  passive  solar  systems  using  such  corre¬ 
lations  as  solar  savings  fraction,  unutilizability,  and  cost/performance 
objectives.  These  correlations  vary  from  one  technology  to  another  in 
their  applicability  and  represent  an  attempt  to  evaluate  passive  design 
performance  in  some  standard  format.  In  addition  to  the  technical  and 
economic  aspects  of  passive  solar,  one  must  also  consider  market  pene¬ 
tration,  builder  and  market  considerations,  utility  interface,  and  eco¬ 
nomic  modeling. 

Here  the  discussion  of  passive  solar  economics  summarizes  a  broad 
range  of  technical,  analytical,  and  economic  research.  First,  I  describe 
briefly  passive  design  methods  and  terms  to  establish  a  frame  of  reference 
for  the  reader.  I  include  major  references  so  that  readers  interested  in  par¬ 
ticular  facets  of  passive  solar  applications  may  pursue  their  interests 
further.  I  do  not  discuss  detailed  concepts  of  passive  heating,  cooling, 
and  daylighting  technologies  because  volumes  4,  6,  7,  and  9  of  this  series 
describe  these  concepts  fully.  In  particular,  the  economic  evaluation  of  a 
passive  design  is  illustrated  in  section  2.7.4  in  chapter  2. 

Passive  solar  technologies  are  used  to  heat  or  cool  building  space  and 
to  provide  daylight  to  the  interior  of  structures.  The  concepts  listed  in 
what  follows  are  often  used  in  discussing  passive  systems;  their  defini¬ 
tions  will  prove  helpful  in  the  discussions  in  other  sections. 

Direct  gain  occurs  when  sunlight  enters  a  living  space  and  heats  the 
absorbing  surfaces,  which  in  turn  heat  the  space  and  the  occupants  by  re¬ 
radiating  the  energy  and  convectively  heating  the  air. 

Indirect  gain  occurs  when  sunlight  is  absorbed  by  thermal  mass  inter¬ 
posed  between  the  glazing  and  the  conditioned  space.  The  conditioned 
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space  is  partially  enclosed  and  bounded  by  the  mass,  creating  a  strong 
thermal  coupling  between  the  thermal  mass  and  the  conditioned  space.  A 
storage  wall  system  (for  example,  Trombe  walljt  is  one  type  of  indirect 
gain  system. 

Attached  sunspace  essentially  combines  the  direct  gain  and  storage  wall 
(indirect  gain)  approaches,  although  most  often  the  thermal  mass  is  in  the 
slate  or  concrete  floor  of  the  sunspace.  Often  the  sunspace  also  serves  as  a 
greenhouse. 

Daylighting  uses  sunlight  to  reduce  the  electric  lighting  loads  of  a  struc¬ 
ture.  Direct  gain  is  part  of  this  concept  if  an  infrared  reflective  coating  is 
not  used  on  the  glazing,  permitting  both  heat  and  light  to  enter  the  living 
space.  In  those  regions  where  cooling  loads  predominate,  infrared-coated 
glass  is  used  to  exclude  heat  and  the  cooling  load  is  reduced  by  the  heat¬ 
ing  that  would  be  attributed  to  the  electric  lighting  required  if  daylighting 
were  not  used. 

These  passive  solar  concepts  generally  apply  to  both  residential  and 
commercial  buildings.  Other  terms  needing  definition  are  passive  cooling, 
which  involves  coupling  the  building  to  the  ground,  and  using  the  ground 
as  a  heat  sink  for  the  building,  radiative  heat  transfer  to  the  night  sky, 
and  thermosiphon  systems,  which  are  generally  used  for  water  heating. 
Thermosiphon  systems  are  similar  to  active  solar  water  heaters  except 
they  do  not  use  a  pump  and  the  fluid  circulates  through  the  solar  collec¬ 
tor  by  convection,  driven  only  by  the  temperature  gradient  of  the  system. 
A  thermosiphon  air  system  heats  spaces  using  an  absorber  surface,  which 
heats  the  surrounding  air,  causing  it  to  circulate  through  the  building. 
Finally,  a  hybrid  system  also  is  often  used  and  denotes  a  system,  such 
as  an  attached  greenhouse  or  a  thermal  storage  wall,  that  uses  a  fan  to 
transfer  heat  to  the  living  space. 

Unlike  active  solar  energy  systems,  in  which  the  heat  absorbed  by  the 
solar  collectors  can  be  fairly  accurately  measured  by  the  working  fluid 
pumped  into  the  building,  passive  systems  constitute  an  integrated  design 
in  which  various  building  elements  perform  various  functions  related  to 
heating,  cooling,  or  energy  storage.  Passive  solar  energy  systems  are  as 
much  an  architectural  concept  as  they  are  a  technology.  Therefore  it  is 
difficult  to  evaluate  the  economics  of  passive  systems  in  classic  terms. 
Questions  on  passive  system  component  costs  and  energy  saved  by  the 
system  are  difficult  to  answer.  At  best  we  can  hope  to  say  how  much  more 


Cost  Requirements  for  Passive  Solar  Heating  and  Cooling 


311 


a  passive  building  costs  (marginal  cost)  when  compared  with  a  conven¬ 
tional  building  and  how  much  less  energy  is  consumed  as  a  result  of  the 
passive  components.  Considerable  variation  exists  in  estimating  both  of 
these  factors. 

To  address  this  issue,  Mueller  Associates  (1981)  proposed  the  concept 
of  cost/performance  goals,  which  assigns  costs  and  performance  stand¬ 
ards  to  various  passive  components.  These  cost/performance  goals  are 
different  for  residential  and  commercial  buildings  applications.  One 
principal  reason  for  this  difference  is  the  “use  cycle”  of  residential  or 
commercial  buildings.  Commercial  buildings  are  devoted  to  office,  light 
manufacturing,  or  warehouse  use  and  are  most  often  vacant  at  night.  The 
objective  of  the  cost/performance  goal  concept  is  to  establish  limits  for 
the  cost  of  passive  system  elements  and  thereby  define  economically 
acceptable  design. 

9.1  Discussion  of  Technical  and  Economic  Factors 

In  passive  building  systems  heat  is  gained  and  retained  by  using  building 
elements  in  novel  ways.  Heat  is  distributed  through  the  building  using 
temperature  differences  for  conduction,  convection,  and  radiation.  A 
well-designed  passive  structure  integrates  five  functions  for  heating  col¬ 
lection,  absorption,  storage,  distribution,  and  regulation. 

Generally  the  collector  consists  of  transparent  apertures  on  the  south¬ 
facing  side  of  the  building.  These  apertures  may  range  from  vertical 
windows  to  skylights  in  the  roof.  The  absorber  is  a  dark  surface  that  con¬ 
verts  the  incident  sunlight  into  heat,  which  is  then  available  for  transfer 
to  the  interior  of  the  building  or  into  storage.  Thermal  energy  may  be 
stored  in  two  ways:  by  increasing  the  temperature  of  the  storage  medium, 
which  may  be  the  building  mass  (referred  to  as  sensible  heat  storage), 
or  by  melting  the  storage  material  (latent  heat  storage  or  phase-change 
storage).  Next  the  heat  must  be  distributed  to  the  air  in  the  interior  of  the 
building.  This  may  be  accomplished  by  radiation  or  by  natural  convection. 
The  air  flow  may  be  assisted  by  small  fans.  In  this  case  the  temperature  in 
the  space  can  be  controlled  by  the  fan.  Other  means  of  regulation  involve 
the  gains  or  losses  of  heat  through  the  aperture.  Night  insulation  reduces 
losses  in  the  winter,  and  overhangs  and  shading  limit  gains  in  the  summer. 

Several  nontechnical  factors  strongly  affect  economic  analyses  for  pas¬ 
sive  solar  residential  and  commercial  buildings.  These  factors  can  be 
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summarized  under  the  general  class  of  problems  associated  with  utility 
costs  and  characteristics  in  a  region  and  builder  perceptions  of  the 
market.  • 

Electric  utility  rates  and  the  availability  and  price  of  natural  gas  as  a 
fuel  significantly  affect  the  economics  of  passive  solar.  Moreover,  the  in¬ 
solation  characteristics  of  the  region  determine  how  large  a  solar  savings 
fraction  may  be  conveniently  attained;  this  in  turn  sets  the  requirements 
for  backup  utility  service.  Builders  must  consider  utility  rates  and  rate 
structures,  as  well  as  the  demand  profile  the  utility  experiences  when  pre¬ 
paring  passive  solar  designs.  The  utility  interface  issues  are  discussed  in 
several  references.  In  a  study  of  energy  price  subsidies  Battelle  Pacific 
Northwest  Laboratory  (1980)  discusses  the  impact  of  federal  fuel  sub¬ 
sidies  on  electric  utilities.  Bezdek,  Hirsh  berg,  and  Babcock  (1979)  and 
Coleman  and  Ford  (1982)  relate  local  electric  utility  rates  to  the  eco¬ 
nomic  viability  of  solar  water  heating;  Coleman  and  Ford  (1982)  discuss 
the  impact  of  local  utility  costs  on  the  economics  of  roof  ponds;  and  the 
MITRE  Corporation  (1978)  links  utility  rates  and  capacity  to  the  pros¬ 
pects  for  solar  energy  adoption  through  the  year  2000. 

Builders  and  developers  perceive  their  local  market  based  on  many 
years  of  experience  in  their  region.  These  perceptions,  which  are  generally 
quite  accurate,  relate  to  what  will  sell  in  their  region  and  how  important 
fuel  savings  can  be  in  giving  them  a  market  edge.  Two  corporations  have 
researched  this  subject  (Real  Estate  Research  Corp.,  1980;  Market  Facts. 
Inc.,  1980).  One  of  these  studies  for  the  Department  of  Housing  and  Urban 
Development  reports  on  solar  home  sales  in  the  1980s  (Real  Estate  Re¬ 
search  Corp.,  1980).  Market  surveys  were  also  carried  out  to  poll  con¬ 
sumer  attitudes  toward  solar  housing  features  to  assist  builders  in  formu¬ 
lating  market  strategies  (Market  Facts,  Inc.,  1980;  AIA  Research  Corp 
1980). 

9.2  Performance  Modeling  Methods 


As  noted  previously,  to  evaluate  the  economics  of  passive  solar  tech¬ 
nologies,  we  must  be  able  to  quantify  their  benefits.  The  Solar  Energy 
Research  Institute  (SERI)  and  several  national  laboratories,  notably  Los 
Alamos  National  Laboratory  (LANL),  developed  several  levels  of  build¬ 
ing  design  and  analysis  tools.  These  tools  ranged  in  complexity  from 
computer  simulations  of  building  performance,  requiring  mainframe 
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computers,  to  manual  calculation  methods,  yielding  rules  of  thumb  for 
the  builder.  These  design  tools  are  described  in  many  references  (Treich- 
ler,  1976;  Kusuda,  1974;  Henninger,  1975;  Lokmanhekim,  1978;  Horak  et 
al.,  1979;  Diamond  et  al.,  1979;  Hittle,  1977;  ASHRAE,  1975;  SERI, 
1980;  Arens,  Nall,  and  Carroll,  1979;  Hall  et  al.,  1979;  and  Balcomb  et 
al.,  1980)  and  in  volume  7  of  this  series.  I  focus  here  on  the  manual 
methods,  largely  developed  by  Balcomb  et  al.  (1980)  at  LANL  because 
they  are  simple  and  furnish  the  degree  of  resolution  required  to  make  the 
economic  cost/benefit  decisions  that  determine  the  choices  in  using  pas¬ 
sive  solar.  Moreover,  these  methods  yield  such  general  design  parameters 
as  glazing  area  and  thermal  storage  capacity,  making  it  possible  to  calcu¬ 
late  the  cost  impact  of  the  solar  component.  The  main  methods  are  the 
solar  load  ratio  method  and  the  load  collector  ratio  method. 

Although  the  methods  are  described  in  detail  in  the  preceding  refer¬ 
ences,  it  is  still  useful  to  define  some  of  the  terms  used.  First,  the  solar 
savings  fraction  (SSF)  is  the  percentage  of  energy  saved  by  a  passive  solar 
building  as  compared  with  a  conventional  building  of  similar  characteris¬ 
tics  in  a  particular  region.  Similar  characteristics  mean  that  the  buildings 
are  identical  except  for  the  passive  solar  features.  Thus,  if  a  conventional 
building  required  50  x  106  Btu/yr  (53  GJ/yr),  and  its  solar  counterpart 
required  only  20  x  106  Btu/yr  (21  GJ/yr),  the  solar  savings  fraction 
would  be  30  x  106/50  x  106or60%. 

Second  is  the  building  load  coefficient  (BLC),  which  is  similar  to  a 
standard  steady-state  heat  load  calculation  except  that  it  incorporates  the 
degree-day  characteristics  of  the  site,  with  the  solar  collection  area  losses 
not  being  counted.  Thus  the  BLC  measures  heating  demand  and  also  in¬ 
dicates  how  well  insulated  a  building  is.  Third,  the  load  collector  ratio 
(LCR)  is  simply  the  BLC  divided  by  the  number  of  square  feet  of  solar 
collection  aperture  provided  in  a  building.  A  significant  part  of  the  work 
carried  out  in  the  computer  modeling  of  building  heating  and  cooling  (in¬ 
cluding  blast  and  doe-2)  is  discussed  in  chapter  3  of  this  volume  and 
given  by  the  references  listed  at  the  beginning  of  this  section. 

9.3  Differentiation  between  Residential  and  Commercial  Buildings 

Economic  analyses  require  an  understanding  of  the  economic  perspective 
of  the  individual  making  the  calculations.  The  perspectives  may  be  those 
of  the  builders,  owners,  tenants,  or  utility.  The  boundary  conditions  fac- 


314 


C.  R.  Hauer 


Table  9.1 

Primary  energy  use  in  buildings 


Energy  use 

Residential  (%) 

♦ 

Commercial  (%) 

Space  heating 

48 

44 

Space  cooling 

7 

21 

Lighting 

6 

23 

Hot  water 

14 

2 

Other 

25 

10 

Total 

100 

100 

Source:  Neeper  and  McFarland  (1982). 


ing  each  group  must  be  defined  to  make  economic  analyses  useful.  More¬ 
over,  the  significant  differences  between  residential  and  commercial 
buildings  must  be  addressed  that  relate  to  the  use  cycle,  codes,  utility 
rates,  taxes  and  subsidies,  return  on  investment,  and  distribution  of  en¬ 
ergy  use.  Table  9.1  illustrates  primary  energy  use  in  buildings  in  1977. 

Data  indicate  that  for  both  residential  and  commercial  buildings  more 
than  55%  of  the  energy  is  used  for  heating  and  cooling  and  that  in  com¬ 
mercial  buildings  about  25%  of  the  energy  is  used  for  lighting.  Further¬ 
more,  energy-use  patterns  are  significantly  different  for  residential  and 
commercial  buildings,  particularly  in  terms  of  cooling  and  lighting.  These 
patterns  and  the  fact  that  commercial  buildings  are  often  vacant  at  night 
dictate  that  different  economic  conditions  exist  between  commercial 
buildings  and  residences.  Further  complications  stem  from  tax  laws, 
codes,  and  utility  rate  differences  between  residential  and  commercial 
property  and  the  requirement  for  a  return  on  investment  for  commercial 
property.  Residential  energy  use  comprises  the  same  elements  as  commer¬ 
cial  energy  use  but  in  different  proportions,  with  the  entire  cost  generally 
carried  by  the  user  or  owner  of  the  building. 

Builders  must  be  able  to  “benefit”  from  the  application  of  solar  tech¬ 
nology.  For  residential  builders,  where  the  housing  is  built  on  specula¬ 
tion,  the  builder  hopes  to  benefit  because  the  building  now  has  greater 
“salability"  because  of  its  lower  heating  costs.  Commercial  buildings  are 
more  often  built  to  an  owner's  specifications,  where  the  owner  may  or 
may  not  be  the  occupant.  When  passive  solar  measures  are  considered  for 
commercial  buildings,  daylighting  is  the  primary  reason  to  opt  for  passive 
solar,  because  lighting  represents  about  a  quarter  of  the  building's  energy 
consumption.  Heating  and  lighting  together  account  for  almost  70%  of 
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the  energy  consumed.  However,  daylighting  benefits  depend  significantly 
on  the  geographic  location,  building  use,  and  utility  rates.  Selkowitz, 
Villecco,  and  Griffith  (1981)  have  studied  both  the  technical  and  eco¬ 
nomic  aspects  of  daylighting.  Other  sources  (Rosenfeld  and  Selkowitz, 
1976;  Duguay  and  Edgar,  1979;  Commission  Internationale  de  l’Eclairage, 
1970;  Daylighting  Committee  of  the  IES,  1962;  Libbey-Owens-Ford 
Company,  1976;  Kusuda  and  Collins,  1978;  Arumi,  1977;  Architectural 
Aluminum  Manufacturers  Association,  1977)  discuss  this  technology  and 
its  economic  implications  in  great  detail.  Daylighting  is  also  discussed  in 
volume  9  of  this  series.  Utility  rate  structures  cannot  be  overemphasized 
in  discussing  the  economics  of  daylighting  in  commercial  buildings,  par¬ 
ticularly  when  demand  charges  are  incorporated  in  the  rate  structure  or 
when  seasonal  rates  resulting  from  air  conditioning  peak  loads  are  used 
by  a  utility. 

The  concept  of  the  “payback”  time  is  often  used  as  an  economic  indi¬ 
cator  for  solar  energy  systems.  Boer  (1978)  developed  a  payback  meth¬ 
odology  that  defines  payback  time  as  the  length  of  time  until  initial  cost 
and  operating  expenses  with  compound  interest  are  equal  to  the  cumula¬ 
tive  fuel  cost  savings  with  anticipated  fuel  cost  escalations.  If  daylighting 
is  the  main  passive  solar  feature,  then  the  marginal  cost  of  the  daylighting 
serves  as  the  capital  investment  to  be  amortized,  and  the  reduced  lighting 
costs  adjusted  for  heating  and  air  conditioning  load  changes  serve  as  the 
benefit.  Payback  time  is  a  good  economic  indicator  in  the  planning  and 
design  stages  of  any  passive  solar  project.  For  owner-occupied  residences 
the  payback  time  measures  the  value  of  the  passive  investment.  Applica¬ 
tion  of  passive  solar  to  rental  apartment  buildings  is  generally  not  made 
because  the  renter  pays  the  energy  bill  and  there  is  no  income  to  offset  the 
additional  investment. 

9.4  Economic  Models  of  Passive  Solar  Applications 

The  terminology  of  passive  solar  methods  were  outlined  in  the  preceding 
sections.  Analytical  techniques  that  measure  both  the  anticipated  perfor¬ 
mance  and  the  marginal  costs  of  implementing  passive  solar  options  were 
referenced.  It  should  be  noted  that  these  marginal  implementation  costs 
can  vary  from  almost  no  additional  investment  to  a  significant  fraction  of 
the  building’s  cost.  This  variation  in  cost  is  a  function  of  the  fraction  of 
the  building’s  energy  load  that  the  solar  component  is  expected  to  carry, 
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the  location  of  the  building,  and  the  building  use,  namely  residential  or 
commercial. 

The  costs  for  a  passive  design  may  even  approach  zero,  for  example,  in 
the  case  where  only  building  orientation  and/or  fenestration  is  required 
to  obtain  substantial  energy  savings.  However,  these  marginal  costs  may 
also  be  significant  if  a  substantial  fraction  of  a  building  energy  load  is  to 
be  carried  by  the  solar  component.  When  marginal  costs  are  low.  a  com¬ 
plex  economic  analysis  is  clearly  not  needed.  But,  as  the  marginal  costs 
approach  5%  of  the  cost  of  the  building,  detailed  analyses  on  life-cycle 
costs  and  energy  savings  become  necessary.  To  apply  energy  cost  analysis 
methods,  we  must  examine  the  relationship  between  passive  and  conser¬ 
vation  measures  and  consider  the  differences  in  marginal  energy  usage 
between  residential  and  commercial  buildings.  In  general,  conservation 
relates  to  “energy  saved”  by  reduced  consumption;  passive  methods  re¬ 
late  to  “solar  energy  added”  to  the  building.  Both  approaches  result  in 
reduced  demand. 

Passive  solar  energy  systems  can  supplement  as  well  as  compete  with 
energy  conservation  methods  in  decisions  on  building  investments.  Each 
option  reduces  the  operating  costs  of  a  building  associated  with  comfort 
conditioning;  used  together,  they  are  more  effective.  Indeed,  without 
carefully  applying  energy-conserving  design  strategies,  passive  solar  de¬ 
signs  are  less  effective.  Thus  a  trade-off  exists  between  how  much  of  the 
money  available  for  improving  the  energy  efficiency  of  a  building  should 
be  assigned  to  preventing  energy  loss  or  producing  energy  gain.  This  deci¬ 
sion  depends  on  whether  the  energy  costs  for  a  building  are  dominated 
by  heating  or  cooling.  Regardless  of  this  trade-off,  the  owner  or  user  of 
the  building  must  perceive  an  increase  in  performance  by  this  “marginal 
expenditure.” 

For  every  marginal  expenditure  of  $1,000  for  the  first  cost  of  conserva¬ 
tion  or  passive  solar,  the  building  owner  encounters  a  monthly  expense 
of  $10  $20  lor  amortization  and  interest.  This  expense  must  be  com¬ 
pensated  by  energy  cost  savings  if  an  economic  advantage  is  to  be  realized 
by  undertaking  the  passive  measures  and  the  associated  marginal  cost. 
This  savings  is  particularly  significant  in  the  residential  sector  of  the 
building  industry,  where  every  incremental  cost  reduces  the  market  for 
the  housing  because  the  mortgage  lenders  use  standard  debt-to-income 
guidelines  in  approving  mortgages.  Thus  a  marginal  cost  increase  of 
$1,000  to  accommodate  energy  saving  designs  affects  the  market  size 
available  to  the  builder,  despite  the  fact  that  the  investment  pays  for 
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itself  in  energy  savings  and  the  net  result  is  zero  cash  flow.  This  adverse 
impact  on  the  potential  marketability  of  the  house  results  mainly  from 
the  failure  of  lenders  to  credit  housing  cost  with  energy  savings.  If  the 
marginal  costs  of  passive  solar  designs  are  significant,  then  this  “market 
shrinkage  factor”  may  negatively  influence  home  builders  against  using 
these  technologies. 

In  the  commercial  buildings  sector  the  effect  of  marginal  cost  increases 
is  felt  in  a  different  way.  For  commercial  buildings  interest  and  fuel  costs 
represent  operating  expenses  and  as  such  reduce  tax  liability  for  the  land¬ 
lord  or  the  business  that  owns  and/or  occupies  the  building.  Only  the  re¬ 
turn  on  investment  is  affected  by  additional  capital  costs  for  the  building. 
If  the  full  amount  of  the  marginal  cost  can  be  mortgaged,  then  commercial 
investors  are  at  little  risk  in  evaluating  their  returns.  Indeed,  a  benefit  may 
be  realized  in  terms  of  cash  flow.  However,  if  the  marginal  costs  of  solar 
or  conservation  components  cannot  be  fully  mortgaged,  then  the  return 
on  investment  declines  and  commercial  builders  are  less  likely  to  employ 
the  technology.  In  any  event  total  outlay  may  be  increased,  resulting  in  a 
balance  between  operating  cost  and  the  profitability  of  the  investment. 

Although  chapter  2  of  this  volume  covers  economic  analysis  methods 
in  detail,  it  is  useful  to  consider  interest  rates,  cash  flow,  and  inflation  fac¬ 
tors  in  a  general  way.  As  the  solar  investment  becomes  a  larger  fraction  of 
the  building  cost,  it  becomes  more  difficult  to  meet  the  zero  cash  flow 
criterion,  that  is,  the  condition  where  the  interest  and  amortization  cost 
of  the  investment  is  balanced  by  the  energy  savings.  The  payback  period 
can  be  used  to  illustrate  the  economic  effect  on  the  investment  from 
changes  in  interest  rates,  inflation  rates,  and  fuel  escalation  rates.  These 
economic  calculations  relate  to  the  amount  of  energy  the  system  can  be 
expected  to  save  over  the  year  and  over  its  lifetime.  The  calculations  must 
account  for  the  value  of  future  savings  in  present  terms  to  reach  con¬ 
clusions  based  on  economic  worth.  This  results  in  some  form  of  present 
value  analysis.  The  equation  used  to  compute  the  constant  annual  pay¬ 
ment  Y  (in  current  dollars)  necessary  to  repay  a  capital  loan  IC  in  N  years 
at  a  fixed  annual  interest  rate  i  is 

y=Ici  -  [i/a  +  or 

This  calculation  assumes  no  inflation.  The  greater  the  inflation  rate, 
the  more  worthwhile  it  becomes  to  make  a  capital  investment  now  to  re- 
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duce  recurrent  costs  over  the  years.  Fuel  costs,  which  may  either  rise  or 
decline,  are  good  examples  of  such  recurrent  costs.  One  way  to  address 
this  issue  is  to  deal  in  terms  of  real  interest  ratfs,  that  is,  interest  rates 
adjusted  for  anticipated  inflation.  Adjusting  costs  for  inflation  is  more 
complex,  although  the  “true”  interest  rate  may  be  approximated  by  using 
the  difference  between  the  interest  rate  i  and  the  inflation  rate  in  the  given 
equation.  This  approximation  becomes  better  as  the  inflation  rate  ap¬ 
proaches  the  interest  rate.  Moreover,  should  fuel  costs  escalate  faster  than 
the  inflation  rate,  additional  benefits  accrue  to  anyone  having  invested  in 
solar  technologies  to  reduce  fuel  costs.  Should  these  fuel  costs  decline,  the 
savings  decline.  Another  approach  to  adjusting  solar  investment  costs  for 
inflation  is  to  deflate  the  anticipated  annual  payments  by  the  anticipated 
rate  of  inflation,  yielding  costs  in  some  measure  of  constant  dollars  for 
comparing  with  fuel  cost  savings. 

The  economic  viability  of  solar  energy  heating  and  cooling  systems 
strongly  depends  on  regional  or  local  fuel  costs  and  fuel  type  as  well  as  on 
the  local  climate  and  insolation.  Researchers  at  LANL  have  analyzed 
these  factors  for  passive  solar  space  conditioning  systems  and  have  docu¬ 
mented  much  of  this  work  (Balcomb  and  McFarland.  1978;  Noll  and 
Robson,  1980;  Kirschner,  1979;  Noll  and  Wray,  1978;  and  Roach.  Noll, 
and  Ben-David,  1979).  Many  analyses  emphasized  life-cycle  costs  and 
developed  extensive  methodologies  in  this  area;  however,  these  models 
depend  heavily  on  future  economic  conditions.  The  uncertainties  regard¬ 
ing  futures  of  these  methods  tend  to  make  these  analyses  less  attractive  to 
developers,  builders,  and  owners  who  are  interested  in  the  near-term 
economic  viability  of  a  technology.  Builders  and  developers  in  particular 
want  to  be  able  to  tell  potential  customers  how  long  it  will  take  for  energy 
savings  to  result  in  simple  payback  or  how  the  passive  system  marginal 
costs  are  effectively  balanced  by  the  annual  fuel  savings.  The  issues  of 
importance  tor  builders  and  buyers  relate  to  the  solar  savings  fraction, 
maximum  marginal  cost  to  attain  this  savings  fraction,  and  payback  time. 
Noll  and  Kirschner  (1980)  developed  a  simplified  economic  analysis  that 
addresses  these  issues.  Their  economic  model  is  no  substitute  for  the 
more  extensive  life-cycle  cost  analysis  described  in  previous  chapters. 
Rather,  their  work  considers  the  perspective  of  the  near-term  user  of 
the  technology  first,  permitting  a  near-term  decision  to  be  made  in  the 
marketplace. 

Detailed  economic  analysis  is  also  used  in  assessing  market  potential. 
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The  economic  research  in  support  of  passive  solar  technologies  addressed 
market  potential  by  using  market  penetration  modeling,  market  potential 
indexing,  and  market  surveys.  The  MITRE  Corporation  (Bennington  et 
al.,  1978),  under  a  DOE  contract,  developed  the  most  prominent  market 
penetration  model,  spurr,  for  solar  energy  technologies.  Chapter  5  of 
this  volume  also  discusses  market  penetration  studies. 

Market  penetration  analysis  generally  postulates  substituting  an  exist¬ 
ing  technology  with  a  new  technology  using  cost,  availability,  or  im¬ 
proved  performance  as  the  driving  force.  For  solar  technologies  operat¬ 
ing  cost  and  nondependence  on  fossil  fuels  are  most  often  used.  Costs  are 
based  on  capital  expenditures.  Although  not  necessarily  true,  one  of  the 
most  significant  shortcomings  of  most  market  penetration  models  is  their 
failure  to  consider  local  variable  conditions,  such  as  fuel  costs,  building 
and  land  cost,  housing  demand,  and  the  availability  of  the  solar  resource. 
Market  penetration  models  are  useful  on  a  national  scale  for  planning 
purposes,  but  builders’  needs  can  be  met  only  by  using  methods  most  sen¬ 
sitive  to  local  conditions  and  variables. 

In  response  to  these  local  needs,  Noll  and  Robson  (1980)  developed  an 
analytic  method  that  gives  a  market  potential  index.  This  method,  based 
on  multiattribute  decision  analysis,  localizes  market  potential  for  passive 
residential  application  to  223  sectors  throughout  the  country,  covering 
new  and  retrofit  construction.  For  example,  researchers  considered  the 
following  attributes  for  new  construction  in  each  sector:  solar  perfor¬ 
mance,  building  heat  loss  characteristics,  solar  system  costs,  fuel  costs, 
housing  starts,  financial  parameters,  government  incentives,  income 
characteristics,  population  growth,  and  consumer  liquidity.  Because  each 
attribute  has  different  dimensions,  the  method  must  transform  each  into 
a  dimensionless  ratio,  which  indicates  a  positive  or  negative  value  in 
adopting  passive  solar  for  that  sector.  This  method  is  a  complex  analytic 
framework  that  can  indicate  where  the  market  potential  for  adoption  is 
likely  or  unlikely. 

Addressing  the  builder’s  problem  of  “what  sells”  requires  an  analysis 
or  survey  of  the  market  to  ascertain  the  degree  to  which  passive  solar 
technologies  meet  the  perceived  needs  of  the  residential  buyer  in  the  var¬ 
ious  parts  of  the  country.  Market  Facts,  Inc.  (1980)  undertook  the  task  of 
addressing  this  question  for  SERI.  Their  analysis  yielded  general  plan¬ 
ning  data  rather  than  hard  economic  data  that  the  builder  or  developer 
could  use  in  making  site-  or  area-specific  economic  or  marketing  deci- 
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sions.  The  Regional  Solar  Energy  Centers  (RSECs)  made  significant  pro¬ 
gress  on  the  local  economic  issues  of  interest  to  the  builder  or  developer. 
In  addition,  these  centers  assisted  local  architects  and  developed  passive 
residential  designs  incorporating  those  passive  solar  features  that  were 
economically  viable  in  a  particular  region.  Probably  the  most  significant 
contribution  of  these  centers  was  their  consideration  of  regional  issues. 

Although  Bezdek,  Hirshberg,  and  Babcock  (1979)  analyzed  the  eco¬ 
nomic  feasibility  of  solar  water  and  space  heating,  they  did  not  specifically 
address  passive  solar  technologies.  Their  economic  analysis,  however,  is 
useful  to  the  home  builder  or  developer  because  it  deals  directly  with 
those  economic  parameters  most  relevant  to  the  industry,  such  as  local 
insolation  and  local  utility  rates.  Their  calculations  emphasize  the  bal¬ 
ance  between  the  solar  energy  collected  and  used  and  the  energy  costs 
saved  for  various  levels  of  solar  self-sufficiency.  Their  analysis  is  useful 
for  anyone  interested  in  basic  economic  evaluations  of  solar  energy  sys¬ 
tems,  either  active  or  passive. 

9.4.1  Life-Cycle  Cost  Analysis 

Life-cycle  cost  analysis  is  covered  in  detail  in  chapter  2  of  this  volume;  only 
several  limited  issues  relating  to  commercial  buildings  and  limited  part¬ 
nerships  are  discussed  here.  Life-cycle  costing  (LCC)  is  a  methodology 
used  for  the  economic  evaluation  of  a  project  wherein  all  relevant  cost 
factors  over  the  anticipated  lifetime  of  the  project  are  included  and  ac¬ 
counted  for  in  assessing  its  economic  efficiency.  This  work,  which  outlines 
the  methodology  as  applied  to  solar  energy,  is  given  in  several  references 
(Marshall  and  Ruegg,  1980;  Powell,  1980;  Ruegg  and  McConnaughey, 
1980;  Ruegg  et  al.,  1978;  Ruegg,  Petersen,  and  Marshall,  1980;  and  Ruegg 
and  Sav,  1980). 

For  commercial  property,  whether  an  office  building  or  multifamily 
residences,  several  other  factors  must  be  considered,  namely,  whether  the 
builder  becomes  the  owner  of  the  property  (or  the  operator)  or  whether 
the  tenant  or  the  landlord  is  responsible  for  the  utility  costs.  Often,  small 
office  buildings  are  occupied  by  owners,  who  are  in  a  limited  partnership. 
Multifamily  residential  buildings  are  also  used  for  offices  with  limited 
partner  ownership.  In  these  cases  economic  considerations  are  governed 
to  a  large  extent  by  the  tax  shelter  objectives  of  the  limited  partners. 
Laquatra  (1982)  analyzed  this  situation  with  regard  to  passive  solar  on 
multifamily  dwellings  in  upstate  New  York. 
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9.4.2  Cost  Performance  Characteristics 

The  objectives  of  developing  cost/performance  characteristics  for  passive 
solar  components  range  from  providing  guidance  on  the  economic  value 
of  a  particular  component  in  a  given  application  to  providing  scientific 
and  engineering  guidance  on  the  potential  of  a  “conceptual  component.” 
The  major  concern  is  the  economic  value  or  the  cost/performance  char¬ 
acteristics  of  a  given  component  of  a  passive  system.  Note  that  the  cost/ 
performance  ratios  for  a  component  are  dependent  on  the  climatic  region 
in  which  the  component  is  used  and  on  the  application. 

The  incremental  energy  savings  resulting  from  the  use  of  a  given  com¬ 
ponent  depends  on  the  building  type  and  the  region.  Mueller  Associates 
(1981)  developed  an  incremental  projected  performance  method  using  the 
passive  system  simulation  tools  calpas  3  and  teasol.  For  each  compo¬ 
nent,  a  typical  base-case  passive  system  was  simulated  and  compared  to  a 
second  run  that  incorporated  the  component  with  the  improved  perfor¬ 
mance.  This  method  yielded  marginal  performance  data  and  ascribed  a 
net  improved  productivity  to  the  new  component.  Mueller  Associates 
gave  cost/performance  ratios  on  a  “relative”  basis,  using  only  the  benefit 
produced  above  the  base  case.  The  cost/performance  ratios  were  cal¬ 
culated  for  three  regional  types:  cold,  hot  and  dry,  and  hot  and  humid. 
Although  this  method  is  not  as  useful  for  economic  analysis  as  a  builder 
might  wish,  the  work  of  Mueller  Associates  shows  what  has  been  accom¬ 
plished  in  the  area  of  cost/performance  characteristics  for  passive  com¬ 
ponents.  In  summary,  the  work  on  cost/performance  evaluations  has 
most  value  in  a  programmatic  context  rather  than  in  commercial  appli¬ 
cations,  although  industry  may  wish  to  judge  the  marketability  of  their 
components  based  on  these  cost/performance  guidelines. 

9.4.3  Solar  Energy-Utility  Interface 

For  the  builder  considering  the  use  of  passive  technologies,  the  technical 
and  economic  issues  of  solar  energy  that  utilities  must  consider  are  of 
little  importance.  However,  some  discussion  of  utility  issues  is  neverthe¬ 
less  important  to  understand  the  economics  of  passive  systems.  Historic¬ 
ally  utilities  sought  to  subsidize  or,  at  a  minimum,  influence  builders  in 
their  selection  of  fuels  for  space  conditioning.  In  some  regions  and  for 
some  electric  utilities  the  increasing  use  of  electricity  for  heating  or  cool¬ 
ing  presented  a  severe  burden  because  it  exacerbated  peak  load  problems. 


322 


C.  R.  Hauer 


Thus  conservation  and  the  use  of  passive  solar  energy  in  new  construc¬ 
tion  could  help  utilities  meet  peak  demand  in  some  regions. 

A  commonly  asked  question  concerns  the  u§e  of  electric  power  as 
backup  for  solar  water  and  space  heating  systems.  Utilities  maintain  that 
the  marginal  costs  of  serving  solar  energy  users  with  backup  electrical  en¬ 
ergy  are  greater  than  those  associated  with  other  utility  customers.  How¬ 
ever,  Bright  and  Davitian  (1982)  studied  three  utilities  and  showed  that 
the  marginal  cost  of  providing  the  backup  for  solar  (both  new  and  retrofit) 
was  not  greater  than  the  cost  of  providing  energy  for  electric  water  or 
space  heating  in  general.  The  authors  studied  the  long-run  marginal  costs 
for  providing  electric  service  to  both  solar-  and  non-solar-assisted  water 
and  space  heating  systems. 

The  relationship  between  utilities  and  solar  energy  development  raises 
many  questions.  These  questions  are  investigated  in  a  special  issue  of 
Energy  (Cambel,  Bezdek,  and  Hauer,  1982).  Although  many  of  the  ques¬ 
tions  discussed  in  this  journal  are  significant,  their  economic  impact  on 
passive  solar  applications  is  for  the  most  part  quite  small.  However,  one 
of  the  important  problems  is  the  large  variability  of  electric  utility  rates 
in  the  United  States.  On  the  low  end  of  the  rate  scale  are  electric  utilities 
of  the  Pacific  Northwest  or  the  regions  serVed  by  the  Tennessee  Valiev 
Authority;  on  the  high  end  are  the  utilities  of  the  Northeast.  The  vari¬ 
ability  of  electric  power  costs  is  great  enough  to  affect  economic  viability 
of  passive  solar  installations.  Moreover,  some  utilities  that  experience 
peak  demand  during  the  summer  months  structure  their  rates,  using  de¬ 
mand  charges  and  other  methods,  to  discourage  consumption  during 
peak  demand  period.  Over  the  years  there  has  been  discussion  on  the 
question  of  time-of-day  pricing,  where  the  price  of  electricity  varies  with 
the  time  of  day  to  reflect  the  demand  that  customers  place  on  the  utility  in 
relation  to  the  utility’s  generating  capacity.  This  pricing  strategy  is  de¬ 
signed  to  shift  customer  demand  to  a  time  when  the  utility  has  excess  gen- 
erating  capacity  available  at  lower  kilowatt  hour  cost.  Although  this 
strategy  has  been  used  in  some  experimental  programs  in  the  United 
States,  its  use  here  is  not  as  common  as  in  Europe. 

9.5  Builder/Designer,  Market,  and  Cost  Issues 

The  builder  or  designer  faces  both  technical  and  economic  design  ques¬ 
tions  that  must  be  answered  before  making  a  decision  on  whether  to  in- 
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corporate  passive  solar  features  and,  if  so,  to  what  extent.  In  this  section 
I  summarize  the  research  findings  and  reference  some  publications  that 
the  builder  or  designer  can  use  to  answer  these  questions.  First,  a  solar 
component  in  a  building  must  enhance  the  marketability  of  the  property 
through  its  ability  to  effect  savings  in  operating  costs  (heating,  cooling, 
and  lighting).  Second,  the  design  innovations  needed  to  accomplish  these 
cost  savings  must  be  aesthetically  acceptable  to  local  buyers.  Third,  the 
design  methodology  must  exist  for  calculating  the  energy  savings  result¬ 
ing  from  these  design  innovations  and  connecting  these  to  annual  cost  be¬ 
nefits  so  that  payback  or  life-cycle  cost  calculations  can  be  carried  out. 
The  three  major  research  tasks  discussed  and  referenced  to  guide  builders 
and  designers  in  this  regard  are  SERI’s  Denver  Metro  Passive  Homes 
project  (SERI,  1982),  the  LANL  Passive  Solar  Design  Handbook  (Bal- 
comb  et  al.,  1980);  and  the  Total  Environmental  Action  (TEA)  handbook 
(Total  Environmental  Action,  Inc.,  1980). 

9.5.1  Denver  Metro  Market  Experience 

Under  the  SERI  Denver  metro  program  a  number  of  local  builders  and 
designers  received  design  support  to  develop  a  number  of  passive  solar, 
detached,  single-family  homes  in  Denver  and  its  suburbs  (SERI,  1982).  In 
all,  more  than  ten  designs  were  developed  and  built  as  one-of-a-kind 
units.  The  project  was  a  controlled  experiment  that  considered  the  mar¬ 
ginal  costs  for  the  passive  solar  components  and  calculated  the  anticipated 
fuel  savings  for  passive  solar  and  for  an  enhanced  conservation  package. 
An  economic  analysis  was  carried  out  and  the  completed  buildings  were 
monitored  during  the  1981  heating  season.  The  analyses  and  presenta¬ 
tions  were  designed  to  assist  the  homebuyer  in  understanding  the  energy 
saving  process  for  passive  solar  and  conservation  and  the  annual  and 
long-term  potential  benefits  that  the  owner  accrues.  Indeed,  the  reports 
for  each  design  are  consistent  in  format  from  one  design  to  another  and 
represent  a  step-by-step  documentation  of  the  anticipated  and  actual 
building  performance.  Although  the  study  may  be  flawed  for  reasons  of 
various  subsidies,  both  the  designs  and  the  thermal  and  economic  anal¬ 
yses  may  serve  builders  interested  in  pursuing  passive  solar  applications. 

Figures  9.1  through  9.5  and  tables  9.2  through  9.7,  describing  the  Heri¬ 
tage  house,  delineate  the  methodology  used  in  the  economic  analysis. 
Note  that  the  costs  of  the  conventional  home  are  identical  with  those  for 
the  passive  solar  home,  except  that  the  equivalent  of  the  “passive  invest- 
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Figure  9.1 

Denver  metro  Heritage  home. 


Figure  9.2 

Heritage  house  section  illustrating  passive  features. 
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Solar  contribution  to  load 
of  passive  home 


Figure  9.3 

Heritage  house,  annual  load  reduction. 


H  Passive  house  as  constructed 
Conventional  reference  building 


Annual  load 
5.2  =106  Btu 
70  =106 Btu 


Figure  9.4 

Heritage  house,  monthly  heating  load. 


Heating  load,  1 0“  J 
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Figure  9.5 

Measured  thermal  performance. 


ment”  was  used  in  the  conventional  home  for  the  installation  of  amenities 
not  related  to  energy.  Note  also  that  SERI  did  all  of  the  analyses  shown 
in  these  figures. 

9.5.2  LANL  Solar  Passive  Design  Handbook 

Economic  or  cost  analyses  of  passive  solar  energy  designs  mean  nothing 
without  a  technological  design  base.  Passive  solar  designs  involve  a  range 
of  technological  disciplines  ranging  from  heat  transfer  to  architecture. 
Architects  are  rarely  engineers,  nor  are  engineers  generally  facile  in  archi¬ 
tecture.  Moreover,  the  users  of  passive  solar  technology  are  generally 
neither;  they  are  builders.  Thus  Balcomb  et  al.  (1980)  took  on  a  difficult 
task  when  they  embarked  on  writing  a  passive  design  handbook.  Two  of 
the  volumes  are  significant  for  the  builder,  namely,  volumes  2  and  3. 
Volume  3  largely  updates  volume  2  and  therefore  deserves  the  most  dis¬ 
cussion.  This  work  has  been  republished  in  summary  form  (Balcomb  et 
al.,  1984). 
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Table  9.2 

Heritage  House,  Denver,  Colorado:  standard  analytical  assumption8 


Variable 

Value 

Finished  area 

1900  ft2  (176  m2) 

Unfinished  area 

726  ft2  (67  m2) 

Heating  set  point 

65°F  (18°C) 

Applicable  shading  of  solar 
apertures  (except  overhangs) 

None 

Infiltration  rate 

0.6  air  changes  /h 

Ground  reflectance 

0.3 

South  double-glazing  properties 

U  =  0.55  Btu/ft2  h=F  =  3.1  W  m2K 

R  =  1.82  ft2  h  °F/Btu  =  0.32  m2  K  W 

Transmittance 

0.747  at  normal  incidence 

Extinction  coefficient 

0.419 

Internal  heat  generation 

Masonry,  concrete  properties 

53,000  Btu  day  (56  MJ  day) 

Conductivity 

1.0  Btu/fth°F  (1.73  W/mK) 

Density 

150  lb/ft3  (2400  kgm3) 

Specific  heat 

0.2  Btu/lb  °F  (0.84  kJ  kgK) 

Nonmass  absorptance 

Mass  absorptance 

0.2 

Trombe  walls 

1.0, 

Direct  gain 

0.8 

Reflective  backlosses 

Night  insulation 

0.0 

Trombe  walls 

5  pm  8  am 

Direct  gain 

5  pm-7  am 

Source:  SERI  (1982). 

a.  Southern  exposure  faces  due  south. 


Cost  Requirements  for  Passive  Solar  Heating  and  Cooling 


329 


Table  9.3 

Heritage  House8 


Variable 

Value 

Heat  capacitance 

45  Btu/°F  ft2  glass  (0.92  MJ/m2  K) 

Insulation 

Ceiling 

RAO 

Walls 

R-20 

Subgrade 

R-8 

Glazing  area 

South 

151  ft2  (14  m2) 

North 

10  ft2  (0.9  m2) 

East 

22  ft2  (2.0  m2) 

West 

26  ft2  (2.4  m2) 

Solar  wall  area 

179  ft2  (16.6  m2) 

Source:  SERI  (1982). 

a.  Assumptions:  400  ft3  (1 1  m3)  rock  bed  charged  at  550  cfm  (0.26  m3/s).  Rock  bed  has  42% 
void  ratio  (capacitance  of  8,127  Btu/°F  (15.4  MJ/K).  Solar  wall  heat  loss  coefficient  assumed 

to  be  6.8/m2  K. 

Table  9.4 

Conventional  home:  comparative  assumption 

Variable 

Value 

Ratio  of  glass  area  to  gross  floor  area 
(glass  equally  distributed  on  all  walls) 

10% 

Air  infiltration  rate 

1.0  air  changes/h 

Insulation 

Ceiling 

R-19 

Walls 

R-l  1 

Passive  interior  mass 

Masonry  thermal  storage  removed 

Basement  insulation 

None 

Source:  SERI  (1982). 
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Table  9.5 

Heritage  House:  incremental  costs  for  passive  solar” 


Feature 

Incremental 
cost  of 
passive 
featuresb 
($) 

Total 

construction 
cost  of 
passive 
features 
($) 

Federal 
tax  credit 
(40%  on 
nonstructural 
components) 

(S) 

State 

tax 

credit 

(30%) 

(S) 

Site-built  solar  collector  wall 

2,727 

3,825 

1,314 

986 

Greenhouse  glazing 

1,203 

1,203 

0 

360 

Concrete  mass  wall 

94 

425 

0 

64c 

Water  tubes  for  thermal  mass 

100 

445 

178 

134 

Rock  storage  dampers 

1,070 

1,070 

428 

321 

Mechanical  heat  distribution 

2,585 

2,585 

0 

775 

and  ducts 

Total  incremental  cost  7,779 

Total  cost  after  credits  3,219 


Source:  SERI  (1982). 

a.  Costs  are  given  in  1982  dollars;  to  convert  to  1985  dollars  multiply  by  1 . 1 17. 

b.  Includes  only  incremental  cost  over  that  for  conventional  home  with  standard  building 
materials,  such  as  drywall  and  carpet  floors. 

c.  50%  of  cost  eligible  for  state  tax  credit. 


Table  9.6 


Heritage  House:  incremental  costs  for  conservation  upgrade” 


Insulation 

Builder's  costb  ($) 

State  tax  credit  (20%)  (S) 

Walls 

169 

34 

Ceiling/attic 

169 

34 

Foundation/slab 

456 

91 

Airlock  entry 

625 

_ 

Total  incremental  cost  of 

1.419 

conservation  upgrade 

Total  cost  after  credits 

1.260 

Source:  SERI  (1982). 

a.  Cost  are  given  in  1982  dollars;  to  convert  to  1985  dollars  multiply  by  1.117. 

b.  Includes  only  incremental  cost  over  that  for  insulation  levels  reejuired  by  code 
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Table  9.7 

Heritage  House:  comparative  fuel  bills2 


Type  of  home 

Annual  heating  bill  (1982  rates) 

Passive  solar  home 

5.2  x  106  Btu  $0,055 

x  =  $84 

3,414  Btu/kWh  kWh 

Conventional  home 

70  x  106  Btu  $0,055 

v  _  n  no 

3,414  Btu/kWh  kWh 

Annual  fuel  savings  =  $1,044 

Source:  SERI  (1982). 

a.  Annual  heating  bill  (electric) 

Heating  load 

= - x  Electricity  price. 

Delivered  heat/kWh 

Volume  3  of  the  Passive  Solar  Design  Handbook  (Balcomb  et  al.,  1983) 
is  divided  into  five  chapters  covering  introduction,  scope,  and  terminol¬ 
ogy;  balancing  conservation  and  solar;  direct  gain  passive  systems;  sun- 
spaces  and  their  design;  and  monthly  calculations  (the  SLR  method). 

In  following  the  calculations,  builders  or  architects  would  consider 
local  insolation,  climate,  and  cost-related  factors.  Instead  of  discussing 
each  chapter,  I  will  convey  here  a  sense  of  what  Balcomb  and  his  co¬ 
workers  were  trying  to  achieve.  Their  objective  was  to  take  the  reader 
through  a  stepwise  process  to  promote  an  understanding  of  the  design 
principles  involved  in  minimizing  auxiliary  heat  within  a  level  of  cost  con¬ 
straint  using  passive  solar  and  conservation  technologies.  In  addition  to 
the  five  chapters,  there  are  eight  appendixes  (mostly  tables).  The  data  in 
the  appendixes  cover  insolation,  conservation  factors,  solar  load  ratio 
correlations,  weather  data,  and  much  more.  By  following  the  solar  load 
ratio  (SLR)  calculation  process  for  a  particular  design,  one  develops  a 
good  idea  of  what  that  design  can  be  expected  to  achieve.  The  calcu¬ 
lations  can  be  done  by  hand  and,  once  mastered,  can  be  repeated  inn¬ 
umerable  times  for  design  variations  to  improve  performance. 

The  SLR  method  averages  the  pertinent  factors  affecting  heating  re¬ 
quirements  for  a  building  over  a  one-month  period.  This  method  uses 
tabular  data  provided  in  the  appendixes  of  volume  3  of  the  Passive  Solar 
Design  Handbook.  In  general,  the  SLR  method  requires  the  following 
steps: 

1.  Obtain  building  information 

a.  Building  load  coefficient  (BLC) 
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b.  Projected  solar  collector  area  (Ap) 

c.  Load/collector  ratio  (LCR  =  BLC/Ap) 

2.  Obtain  site  and  climate  information  (from  vol.  3,  appendix  D) 

a.  Latitude 

b.  Latitude  minus  mid-month  declination 

c.  Clearness  ratio,  monthly,  K 

d.  Incident  solar  radiation,  horizontal  surface,  monthly 

e.  Heating  degree  days  (DD),  monthly 

3.  Obtain  absorbed  solar  radiation,  monthly,  S 

4.  Obtain  monthly  solar  savings  fraction  (SSF) 

a.  Calculate  5/DD  monthly 

b.  Determine  SSF,  monthly,  two  options  (appendix  C) — graphic  or 
analytic 

5.  Calculate  auxiliary  heat  requirement  Q 

a.  Monthly,  Q  =  (1  -  SSF)  x  BLC  x  DD 

b.  Annual,  Q  =  sum  of  monthly  Q 

6.  Calculate  annual  solar  savings  fraction,  SSF  —  1  —  Q  (BLC  x  DD) 

By  using  the  SLR  method,  one  can  assess  how  much  energy  a  passive 
solar  heating  design  could  save  in  a  particular  region  of  the  country, 
given  that  the  assumptions  on  climate  are  correct.  This  method  gives  both 
energy  costs  for  that  region  and  estimates  of  the  economic  benefits. 

In  summary,  the  basic  work  carried  out  by  Balcomb  and  his  coauthors 
in  volumes  2  and  3  of  the  Passive  Solar  Design  Handbook  or  the 
ASHRAE  summary  provides  the  guidance  necessary  for  making  an  ac¬ 
ceptable  economic  and  technical  evaluation  of  a  solar  design.  These  doc¬ 
uments  should  be  highly  valued  by  builders,  developers,  and  architects. 

9.5.3  Total  Environmental  Action  (TEA)  Passive  System  Costs 

In  addition  to  discussing  the  LANL  methodology  for  deriving  passive 
solar  system  performance,  it  is  also  necessary  in  assessing  economic  value 
to  consider  the  other  side  of  the  equation,  namely  the  cost  (in  the  mar¬ 
ginal  sense)  of  a  particular  passive  system.  The  TEA  handbook  final  re¬ 
port  (Total  Environmental  Action,  Inc.,  1980)  is  oriented  toward  the 
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homebuilder  and  residential  construction.  A  passive  system’s  cost  de¬ 
pends  on  many  factors,  such  as  the  design  of  the  system  and  its  level  of 
detail,  the  materials  and  the  trade  skills  employed,  the  type  of  building, 
the  wall  materials  used  or  replaced,  the  fenestration  layout  of  the  south 
wall  and  the  relationship  of  these  windows  to  the  interior  spaces,  and  the 
extent  of  conservation  methods  employed.  TEA  analyzed  each  of  these 
cost  factors  to  determine  the  extra  cost  of  the  passive  case,  rather  than  the 
general  construction  case.  This  is  the  “extra”  cost  because  credit  has  been 
taken  for  the  cost  of  the  standard  element  for  which  the  passive  element 
has  been  substituted. 

The  TEA  methodology,  which  is  based  largely  on  the  standard  build¬ 
ing  industry  costing  practices,  uses  uniform  construction  industry  (UCI) 
divisions.  The  cost  of  each  division  is  given  as  a  percentage  of  the  final 
cost,  after  accounting  for  the  credit  of  the  component  or  system  replaced. 
Final  costs  are  given  by  building  type  based  on  the  gross  square  feet  of 
aperture  area  for  a  direct  gain  system.  In  the  case  of  a  sunspace  the  costs 
are  shown  in  terms  of  the  sunspace  floor  area.  The  TEA  report  is  quite 
detailed  and  gets  into  the  specifics  of  such  cost  elements  as  glazing  type 
and  installation  labor.  This  report  serves  as  a  good  guideline  for  builders 
who  need  to  assess  passive  system  costs. 

9.6  Summary 

Cost  requirements  for  passive  solar  heating  and  cooling  are  derived  from 
the  physical  realities  of  the  particular  design  and  its  energy  “productivity” 
coupled  with  the  economic  realities  of  the  location  and  the  market.  Al¬ 
though  builders  may  not  be  fully  familiar  with  the  design  features,  they 
are  quite  sensitive  to  the  economic  realities  of  the  marketplace.  On  the 
technical  side,  cost  analyses  of  passive  systems  depend  most  critically  on 
how  much  solar  energy  is  collected  and  put  to  use.  Considering  the  eco¬ 
nomics  side  of  the  cost  analysis,  interest  rates,  inflation  rates,  discount 
rates,  and  fuel  cost  escalation  rates  all  represent  significant  levels  of  un¬ 
certainty.  These  uncertainties  permeate  the  economic  and  analytic  ap¬ 
proach  to  use  of  passive  solar  energy.  Given  these  uncertainties,  the 
reader  will  find  much  useful  information  in  the  reference  material  cited. 
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In  this  chapter  I  present  cost  requirements  for  solar  thermal  systems  and 
subsystems,  delineate  the  methodologies  used  to  establish  these  cost  re¬ 
quirements,  and  outline  the  barriers  and  pitfalls  to  successful  development 
of  cost/performance  goals  for  energy  R&D  projects.  The  cost  require¬ 
ments  presented  are  from  U.S.  Department  of  Energy  (DOE)  (1984).  The 
discussion  of  methodologies  is  based  mainly  on  the  Pacific  Northwest 
Laboratories  analysis  (Williams,  Dirks,  and  Brown,  1985)  that  led  to  the 
derivation  of  these  cost  requirements  and  on  the  procedures  used  by  the 
interlaboratory  Solar  Thermal  Cost  Goals  Committee  (STCGC).  The 
discussion  of  problems  is  intended  to  help  other  organizations  improve 
their  goals  development  process. 

This  chapter  does  not  provide  a  cookbook  formula  for  developing 
goals  for  energy-related  research.  There  are  too  many  different  markets 
to  be  satisfied,  too  many  different  types  of  research  required  (from  basic 
research  to  applied  research  to  engineering  development  to  field  testing 
to  technology  transfer),  and  too  many  varied  technological  opportunities 
to  oversimplify  the  R&D  goal-setting  procedure.  Instead,  this  chapter  is 
designed  to  relate  to  researchers,  program  managers,  and  planners  some 
of  the  experiences  encountered  in  the  Solar  Thermal  Program  in  its  goal 
selection  process.  For  related  background  in  economic  evaluation,  see 
sections  2.7.5  and  2.7.6  in  chapter  2. 


10.1  Definition  and  Use  of  Cost  Goals 


What  exactly  is  a  goal  and  of  what  use  are  goals  in  a  research  program?  In 
discussing  program  planning  and  strategy,  researchers  often  use  the 
words  “objectives,”  “goals,”  “requirements,”  “aims,”  and  “purpose”  in¬ 
terchangeably  (Blanchard,  1976;  Massie,  1971;  Newman,  Summer,  and 
Warren,  1972;  Twiss,  1974).  However,  usually  a  distinction  is  made  be¬ 
tween  broad,  general,  long-term  targets  and  focused,  specific,  short-term, 
time-related  targets.  So,  for  clarity,  I  use  Vancil’s  (1979)  distinction  be¬ 
tween  goals  and  objectives.  He  describes  objectives  as  timeless  and  endur¬ 
ing  and  as  being  stated  in  general  terms.  Goals,  on  the  other  hand,  are 
“temporal,  time-phased  . . .  more  specific,  and  stated  in  terms  of  a  par¬ 
ticular  result  that  will  be  accomplished  by  a  specified  date.”  I  use  the 
terms  “goals”  and  “requirements”  interchangeably  in  this  chapter. 
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The  Gas  Research  Institute  (GRI)  (1982)  describes  goals  as  “measur¬ 
able  indicators  of  expected  performance  and  cost  of  the  technology  under 
development  . . .  characterized  by  such  factors  $s  efficiency,  production 
rates,  product  costs,  levels  of  environmental  emissions,  and  the  like.” 
Furthermore,  GRI  distinguishes  final  from  intermediate  goals  in  that 
“final  performance  goals  define  the  target  at  which  the  R&D  is  aimed, 
while  intermediate  performance  goals  provide  information  at  key  deci¬ 
sion  points  that  aid  in  deciding  whether  and  how  to  proceed  to  the  next 
phase  of  R&D.” 

For  a  research  program,  then,  goals  should  provide  performance  and 
cost  targets  or  requirements  for  R&D  activities.  Furthermore,  the  time 
frame  for  achieving  these  goals  should  be  specified  in  advance  of  the  re¬ 
search  activities  to  provide  a  target  for  the  scientists  and  engineers  en¬ 
gaged  in  the  research  and  to  serve  as  a  measure  of  their  progress. 

The  degree  of  specificity  of  the  goals  strongly  depends  on  the  stage  of 
R&D.  A  basic  research  program,  for  instance,  might  have  general  targets 
more  closely  aligned  with  the  previous  definition  of  objectives.  On  the 
other  hand,  an  applied  R&D  program  with  specific  technological  ap¬ 
proaches  would  need  specific  quantitative  goals.  Although  solar  thermal 
R&D  involves  some  basic  research,  its  system-level  technology  options 
are  well  enough  delineated  to  require  these  quantitative  targets. 

Finally,  these  research  targets  must  be  compatible  with  and  competi¬ 
tive  in  the  markets  that  the  technologies  and  systems  are  expected  to 
serve.  It  is  of  no  use  to  complete  R&D  activities  successfully  only  to  find 
that  no  manufacturer  is  interested  in  adopting  the  technolocv  because  it 
has  no  market. 

Thus,  as  described  by  Schimmel  [in  Edelstein  (1981)],  solar  thermal 
goals  should  be  viewed  as 

1.  A  set  of  capital  cost  and  performance  figures  that,  if  achieved,  will 
permit  solar  thermal  systems  to  be  accepted  by  some  portion  of  the  target 
market 

2.  A  yardstick  by  which  progress  in  a  specified  direction  and  time  frame 
can  be  measured 

3.  An  implicit  appraisal  of  future  conditions  and  what  will  be  required  to 
compete  with  other  energy  sources 

4.  Values  in  both  cost  and  performance  that  the  researchers  and  tech¬ 
nology  developers  will  be  challenged  to  attain 
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10.2  Description  of  Solar  Thermal  Technology 

In  this  section  I  describe  the  hardware  involved  in  a  solar  thermal  system 
to  provide  a  context  for  the  solar  thermal  goal-setting  process.  Much 
more  detail  on  solar  thermal  hardware  can  be  found  in  volume  1  of  this 
series. 

A  solar  thermal  system  concentrates  and  converts  the  sun’s  radiant  en¬ 
ergy  into  thermal  energy  or,  by  subsequent  conversion,  to  electrical  or 
mechanical  energy.  Potential  end  uses  include  process  heat  or  steam,  elec¬ 
tricity  generation,  cogeneration  (combined  thermal  and  electrical  energy 
production),  and  mechanical  power.  Advanced  solar  thermal  systems, 
under  development,  convert  photon  energy  into  photochemical  or  elec¬ 
trochemical  energy  for  fuels  and  chemicals  production. 

Solar  thermal  systems  are  composed  of  a  number  of  subsystems,  which 
differ  either  slightly  or  significantly  depending  on  the  end-use  energy 
(heat,  electricity,  or  mechanical  power)  they  produce.  The  basic  process 
heat  system  is  composed  of  (1)  a  concentrator  subsystem  to  collect  the 
sun’s  energy  and  concentrate,  reflect,  and  focus  it  on  the  next  subsystem, 
the  receiver;  (2)  a  receiver  subsystem  to  absorb  the  reflected  solar  radia¬ 
tion  as  thermal  energy;  (3)  a  thermal  storage  subsystem  (optional)  to 
store  the  thermal  energy  from  the  receiver,  which  provides  for  either  a 
buffering  capability  to  protect  the  receiver  or  to  allow  for  load  matching 
with  the  user’s  end-use  system;  and  (4)  a  transport  subsystem  to  deliver 
the  thermal  energy  to  the  user.  If  the  user  requires  electrical  or  mechani¬ 
cal  energy,  then  a  power  conversion  subsystem  is  required  to  convert  the 
thermal  energy  into  electrical  or  mechanical  power.  The  use  of  certain 
subsystems,  such  as  concentrators  and  receivers,  for  both  process  heat 
and  electricity  generation  can  complicate  the  goal-setting  process  and  is 
discussed  in  section  10.4.8. 

Several  primary  systems  options  evolved  through  the  R&D  process 
and  manufacturer  interest.  The  first  of  these  is  the  line-focus  system, 
typified  by  the  one-axis  tracking  parabolic  trough,  which  is  a  medium- 
temperature  [up  to  750°F  (400°C)]  system  using  a  linear  receiver  tube 
mounted  at  the  focal  point  of  the  parabolic  trough  to  absorb  the  incom¬ 
ing  insolation.  Thermal  energy  transport  occurs  through  the  receiver 
tubes  and  through  connecting  piping  to  a  field  location  for  thermal  stor¬ 
age  or  power  conversion.  This  system  is  typically  applicable  in  sizes  up  to 
tens  of  megawatts  electric. 
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A  second  system  is  a  point-focus  technology,  the  heliostat-central  re¬ 
ceiver  system,  which  uses  a  field  of  two-axis  tracking  and  relatively  flat 
mirrors  (called  heliostats)  to  reflect  the  sun’s  energy  to  a  central  receiver 
mounted  atop  a  tower.  The  power  conversion  subsystem  is  located  in 
or  near  the  central  tower.  This  system  is  capable  of  temperatures  up  to 
2,000°F  (1,100°C)  and  large  system  size  ranges  (up  to  hundreds  of  mega¬ 
watts  electric). 

A  third  system,  also  a  point-focus  system,  is  the  parabolic  dish,  which 
uses  a  a  two-axis  tracking  paraboloid  to  focus  the  solar  radiation  on  the 
focal  point  of  the  concentrator.  For  electricity  generation  the  thermal  en¬ 
ergy  is  then  converted  at  each  dish  into  electrical  energy  by  a  heat  engine. 
An  alternative  parabolic  dish  electrical  generation  configuration  uses 
thermal  transport  to  carry  the  heat  energy  to  a  single  heat  engine  (instead 
of  having  a  heat  engine  located  on  each  dish).  For  process  heat  applica¬ 
tions  no  heat  engine  is  needed  and  the  thermal  energy  is  transported  to 
the  process.  This  system  is  also  capable  of  temperatures  over  2.000  F 
(1,100°C)  and  is  available  in  modular  sizes  of  about  25-40  kWe. 

10.3  Results 

\ 

This  section  is  based  on  information  from  the  solar  thermal  five-year  plan 
(DOE,  1984). 

10.3.1  System  Goals 

Solar  thermal  goals  were  derived  from  two  primary  end-use  markets: 
bulk  electricity  generation  and  industrial  process  heat  (1PH).  Electricity 
generation  system  goals  were  based  on  a  utility-owned,  grid-connected 
solar  thermal  power  plant;  IPH  goals  were  based  on  a  privately  owned, 
industrial  solar  thermal  system  producing  process  heat  in  the  ranee  of 
400°- 1,1 00' F  (200° -600°C).  Therefore  two  system-level  goals  were  re¬ 
quired  instead  of  just  one  because  utility  electric  and  industrial  IPH  rep¬ 
resent  substantially  different  market  segments.  These  markets  differ  in 
terms  of  competing  energy  sources,  economic,  financial,  and  regulatory 
considerations,  required  backup  systems,  and  other  factors.  Other  appli¬ 
cations,  such  as  remote  solar  thermal  power  plants,  cogeneration  sys¬ 
tems,  electricity  generating  systems  owned  by  third  parties,  and  fuels  and 
chemicals  production,  represent  potentially  large  market  segments  for 
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solar  thermal  systems  but  were  not  considered  in  developing  the  long¬ 
term  system  goals. 

System  goals  were  based  on  the  projected  levelized  energy  cost  of  com¬ 
peting  energy  sources  in  the  middle-to-late  1990s.  These  goals  were  not 
meant  to  represent  threshold  energy  costs  that  solar  thermal  must  achieve 
initially  to  penetrate  the  market  but  were  even  more  ambitious  targets 
that  would  allow  solar  thermal  to  compete  with  many  energy  sources  and 
thus  achieve  significant  market  penetration. 

The  system  goal  for  electricity  was  based  on  solar  thermal  competing 
with  a  coal-fired  power  plant.  Because  coal  power  plants  are  expected  to 
be  one  of  the  most  economical  electrical  energy  sources  in  the  coming  de¬ 
cades,  the  energy  cost  from  an  intermediate-load,  coal-fired  power  plant 
was  used  as  the  competing  conventional  technology  target  for  establish¬ 
ing  system  goals  for  solar  thermal  electricity  generation.  Base-load  coal 
plants  were  not  selected  because  solar  thermal  technology  is  more  cost- 
effective  as  an  intermediate-load  displacement  option.  By  setting  system 
goals  based  on  one  of  the  lowest  energy  cost  technologies,  planners  ex¬ 
pected  solar  thermal  to  be  competitive  with  several  other  alternatives  (for 
example,  oil  and  gas)  if  cost  goals  were  met. 

Several  studies  investigated  the  characteristics  of  coal-fired  power 
plants  (Delene  et  al.,  1984;  EPRI,  1982;  Reynolds,  1982;  Ringer,  1984) 
and  reported  that  for  intermediate-load  coal  plants  (with  capacity  factor 
ranges  of  0.4-0. 5),  levelized  energy  costs  ranged  from  slightly  under 
$0. 05/kWh  to  nearly  $0.08/kWh.  The  capacity  factor  is  the  fraction  of 
a  year  that  a  power  plant  will  be  run  at  its  nameplate  rating.  Therefore 
the  solar  thermal  system  cost  goal  selected  for  electric  applications  was 
$0.05/kWh.  This  goal,  in  addition  to  being  much  lower  than  projected  en¬ 
ergy  costs  from  oil-  or  gas-fired  power  plants,  would  allow  solar  thermal 
to  compete  with  intermediate-load  coal  plants  to  be  built  in  the  late 
1990s. 

The  system  energy  cost  target  for  solar  thermal  IPH  was  based  on  solar 
thermal  competing  with  such  premium  fossil  fuels  as  natural  gas,  residual 
oil,  and  distillate  oil.  However,  solar  thermal  was  expected  to  supplement 
fossil  fuel  systems  for  process  heat  (rather  than  serve  as  a  stand-alone 
source  of  heat),  so  the  system  goal  for  this  application  was  determined 
from  the  value  of  the  competing  fuel  displaced  by  solar  thermal. 

The  primary  source  of  fuel  price  projections  and  escalation  rates  used 
to  develop  system  cost  goals  for  IPH  was  a  report  on  the  National  Energy 
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Table  10.1 

Solar  thermal  system  energy  cost  goals 


Levelized  energy  cost 

Application 

• 

(1984  dollars) 

Electricity 

S0.05/kWh 

Industrial  process  heat 

S9/106  Btu  (109  J) 

Source:  DOE  (1984). 

Policy  Plan  (DOE,  1983),  covering  the  period  from  1990  to  2010  (which  is 
close  to  the  planning  period  for  solar  thermal  technology  goals).  This 
study  gave  a  range  of  fuel  prices  based  on  low,  base -case,  and  high  world 
oil  price  scenarios.  The  levelized  energy  cost  projections  were  S7-S14  106 
Btu  (109  J)  for  residual  oil,  $9— SI  7/TO6  Btu  (109  J)  for  distillate,  and 
$7— $  1 2/ 1 06  Btu  (109  J)  for  natural  gas.  Note  that  more  recent  fossil  fuel 
price  projections  [for  instance,  Holtberg  et  al.  (1985)]  and  the  current 
(1988)  low  price  for  world  oil  would  place  the  levelized  energy  cost  for 
these  systems  at  considerably  lower  levels  than  those  indicated  here. 
Using  the  energy  price  projections  indicated  (DOE,  1983).  planners  de¬ 
veloped  a  levelized  energy  cost  target  of  $9/1 06  Btu  (109  J)  for  delivered 
solar  thermal  energy  (accounting  for  efficiency). 

Table  10. 1  summarizes  energy  cost  goals  for  solar  thermal  systems. 

10.3.2  Component  Goals 

Although  market-based  energy  or  system  goals  focused  on  and  were  de¬ 
termined  by  the  price  of  competing  energy  sources,  component  or  sub¬ 
system  goals  focused  on  the  efficiency  and  cost  of  the  candidate  solar 
thermal  technology  options.  These  component  goals  follow  a  strategy  for 
solar  thermal  technology  that  will  eventually  result  (if  component  devel¬ 
opment  is  successful)  in  achieving  the  energy  goals.  Thus  component 
goals  were  developed  based  on  improvements  in  the  expected  component 
performance  and  cost  through  R&D,  within  the  constraints  of  the  overall 
system  goals. 

Component  goals  were  developed  for  those  portions  of  the  solar 
thermal  plant  that  were  major  cost  drivers  or  whose  performance  was 
critical  to  the  system  s  overall  efficiency.  Based  on  these  criteria  eight 
areas  were  selected  for  specification  of  component  goals:  concentrators, 
receivers,  energy  transport,  energy  storage,  energy  conversion,  balance  of 
plant,  total  installed  system  cost,  and  operations  and  maintenance  (O&M) 


Cost  Requirements  for  Solar  Thermal  Electric  and  Industrial  Process  Heat  343 


costs.  The  first  six  of  these  areas  represent  components  or  subsystems  in 
the  classical  sense  of  hardware,  the  total  installed  system  cost  represents 
the  sum  of  component  costs  plus  installation,  and  the  O&M  portion  rep¬ 
resents  the  annual  cost  for  routine  O&M. 

Table  10.2  gives  component  goals  for  electric  and  IPH  applications  for 
the  three  major  system  configurations  (central  receiver,  dish,  and  trough). 
For  the  majority  of  components  the  goals  are  the  same  for  IPH  and  elec¬ 
tric  applications,  reflecting  the  fact  that  many  of  the  components  required 
for  the  two  applications  are  substantially  the  same.  Any  difference  in  a 
component  goal  between  the  two  applications  is  a  result  of  significantly 
different  design  specifications  for  the  component.  For  example,  the  goal 
for  the  receiver  component  of  the  dish  electric  system  has  both  a  lower 
efficiency  and  a  higher  cost  than  the  dish  process  heat  receiver.  This  dif¬ 
ference  is  caused  by  the  requirement  for  much  higher  receiver  operating 
temperatures  for  the  electric  application  than  for  the  process  heat  use. 

Many  degrees  of  freedom  exist  in  developing  component  goals.  First, 
goals  can  be  traded  off  among  components  to  achieve  the  same  system 
goal.  Second,  capital  cost  and  performance  can  be  traded  off  within  the 
same  component  to  achieve  an  identical  effect  on  levelized  energy  costs. 
As  a  result,  no  unique  set  of  component  goals  alone  will  satisfy  the  system 
goal;  a  number  of  solutions  are  feasible.  This  is  discussed  further  in  sec¬ 
tion  10.4.8. 

All  component  goals  were  developed  with  the  objective  of  being  attain¬ 
able  through  future  R&D  efforts.  Predicting  the  amount  of  improvement 
possible  is  subject  to  uncertainty;  therefore  the  best  allocation  of  compo¬ 
nent  goals  may  change  in  the  future  as  solar  thermal  R&D  proceeds  or  as 
improvements  in  some  solar  components  occur  faster  than  in  others. 

10.4  Nature  of  the  Problem:  Pitfalls  in  Setting  R&D  Goals 

In  this  section  I  discuss  the  major  issues  involved  in  setting  cost/perfor¬ 
mance  goals  for  solar  thermal  systems.  One  set  of  issues  raised  such  phil¬ 
osophical  questions  as,  What  is  the  real  basis  for  setting  cost  goals?  What 
targets  of  opportunity  should  R&D  shoot  at?  In  what  time  frames  will  the 
products  of  this  R&D  be  applied?  Additional  issues  arose  when  the  strat¬ 
egy  or  approach  to  be  used  was  developed.  Another  set  of  issues  included 
the  selection  of  baseline  financial  assumptions  for  fossil  fuel  prices,  re¬ 
turn  on  investment  (ROI),  and  technical  assumptions  on  product  perfor- 
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Table  10.2 


Component 


Concentrators 

Central  receiver 

Dish 

Trough 

Receivers 

Central  receiver 

Dish 

Trough 

Transport 

Central  receiver 

Dish 

Trough 

Storage 

Central  receiver 

Dish 

Trough 

Conversion 

Central  receiver 

Dish 

Trough 

Balance  of  plant 
System 

Central  receiver 
Dish 
Trough 
O&M 

Central  receiver 

Dish 

Trough 


rm  component  goals 

Electric 

Industrial  process  heat 

Annual 

Annual 

efficiency 

Cost 

efficiency 

Cost 

(%) 

(1984  dollars)* 

(%) 

(1984  dollars) 

64 

$100/m2 

64 

$100  in2 

78 

$  140/m2 

78 

S140/m2 

— 

— 

65 

SI  10/m2 

90 

$45/m2 

90 

S45/m2 

90 

$70/m2 

95 

S30/m2 

— 

90 

S30/m2 

99 

$25/m2 

99 

$25/m2 

99 

$7/m2 

94 

S65/m2 

— 

98 

S30/m2 

98 

$20/kWht 

98 

S20/kWh, 

— 

— 

98 

S20  IcWh, 

— 

98 

S20  kWh, 

39 

$350/kWc 

N/A 

N/A 

41 

$350/kWe 

N/A 

N/A 

— 

— 

N/A 

N/A 

N/Ab 

$  50/m 2 

N/A 

S50/m2 

22 

$  1 ,600/k  Wc 

56 

S460  kW, 

28 

$  1 ,300/k  Wc 

68 

S470  kW, 

56 

S390/kW, 

N/A 

$6/m2/yr 

N/A 

$5  m2/yr 

N/A 

$10/m2/yr 

N/A 

$5  m2  yr 

— 

N/A 

S5  m:  \r 

Source:  DOE  (1984). 

a.  System  costs  in  $/kW  are  based  on  theoretical  power 
$  1.00/ft2. 

b.  N/A,  not  applicable. 


available  from  receiver.  $10.76  m2  = 
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mance.  The  next  set  came  about  during  the  selection  of  goals  based  on  the 
data  gathered.  Finally,  R&D  management  issues  arose  concerning  re¬ 
sponsibility  for  goal  setting  and  tracking,  measurability  (How  do  you 
know  when  you’re  there?),  and  goals  dissemination. 

10.4. 1  Attainability-Based  versus  V alue-Based  Goals 

The  issue  of  the  fundamental  basis  for  setting  cost  goals  is  perhaps  the 
most  controversial  one  faced  during  the  solar  thermal  goal-setting  pro¬ 
cess.  In  setting  targets  for  a  research  activity,  a  program  manager  can 
examine  the  state-of-the-art  hardware  in  the  field  and  set  goals  to  com¬ 
pete  with  this  hardware.  Alternatively  a  program  manager  can  use  an  en¬ 
gineering  cost  study  of  current  R&D  hardware  to  set  a  cost  target,  taking 
into  account  mass  production  and  other  cost  reduction  techniques.  Goals 
derived  from  these  (or  similar)  processes  are  known  as  attainability-based 
goals  (Edelstein,  1981).  Attainability-based  goals  are  confined  by  the  cur¬ 
rent  state  of  knowledge. 

Program  managers  can  also  assess  the  current  or  projected  future 
market  for  their  hardware  and  base  their  goals  on  the  value  of  the  tech¬ 
nology  in  the  marketplace.  Similarly,  general  market  needs  in  a  specific 
target  market  may  suggest  new  research  initiatives  for  developing  com¬ 
petitive  hardware.  These  market-derived  goals  are  known  as  value-based 
goals  (Edelstein,  1981). 

A  sharp  difference  of  opinion  exists  between  scientists  and  economists 
over  whether  to  base  goals  on  what  current  technology  could  attain, 
given  engineering  development  and  mass  production,  or  on  the  market 
value  of  the  technology.  Technical  personnel  generally  favor  attain¬ 
ability-based  goals,  whereas  economists  tend  to  favor  value-based  goals. 
The  advantages  and  disadvantages  of  each  type  of  goal  are  described 
briefly  in  the  following  paragraphs. 

The  advantages  of  the  attainability-based  approach  are  that  it  repre¬ 
sents  a  realistic  appraisal  of  solar  thermal  system  costs  based  on  the  best 
engineering  estimates  and  highlights  those  high-cost  components  that 
might  need  additional  development.  Because  this  approach  uses  projec¬ 
tions  from  current  R&D  hardware,  it  can  predict  a  technology’s  prob¬ 
ability  of  success  better  than  a  straight  value-based  approach,  which  has 
little  technology  basis.  Furthermore,  being  hardware  and  not  market 
based,  attainability-based  goals  do  not  fluctuate  each  time  world  oil 
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prices  change.  A  disadvantage  of  this  approach  is  that  it  tends  to  lock 
in  one  design  relatively  early  in  the  development  cycle,  restricting  future 
innovations  that  may  lead  to  a  totally  new  product  not  related  to  the 
current  hardware.  More  important,  because  these  goals  are  not  market 
based,  there  is  no  guarantee  that  the  hardware  based  on  them  would  be 
competitive  with  fossil-fuel-fired  systems,  even  if  the  targets  were  met. 

The  distinct  advantage  of  the  value-based  approach,  which  is  market 
oriented,  is  that  goals  can  be  chosen  based  on  market  requirements;  if 
the  goals  are  reached,  there  is  a  good  chance  of  a  market  existing  for  the 
hardware  developed.  Establishing  a  defined  market  also  allows  for  a 
reasonably  quantitative  cost/benefit  calculation  to  assess  whether  or  not 
the  research  is  worthwhile.  This  type  of  analysis  is  not  easily  performed 
using  the  attainability-based  approach  (because  the  total  size  of  the 
market  or  even  total  number  of  units  sold  is  not  known).  In  addition,  be¬ 
cause  value-oriented  goals  are  not  based  on  incremental  improvements  in 
current  hardware,  they  allow  for  more  innovative,  possibly  higher-risk 
research.  Of  course,  choosing  a  market  sector  and  completing  a  market 
potential  analysis  is  not  a  trivial  exercise.  A  disadvantage  of  this  ap¬ 
proach  is  that  goals  need  to  be  reevaluated  periodically  to  take  into  ac¬ 
count  changing  market  conditions,  and  markets  can  change  dramatically, 
as  evidenced  by  the  tenfold  increase  in  the  price  of  oil  between  1970  and 
1980.  The  uncertainty  inherent  in  projecting  future  market  conditions 
makes  extrapolating  fuel  prices  and  fuel-use  patterns  difficult.  Although 
the  success  of  government-sponsored  R&D  is  not  necessarily  measured 
by  market  penetration,  it  is  important  that  the  hardware  thus  developed 
be  competitive. 

The  value-based  approach  was  chosen  to  select  solar  thermal  energy 
and  system-level  cost  goals  because  planners  felt  that  the  ability  of  the 
technology  to  compete  in  the  future  energy  marketplace  was  critical  to  its 
ultimate  success.  System  goals  (DOE,  1984)  were  based  on  energy  price 
targets  that  solai  thermal  had  to  meet  to  achieve  a  significant  economic 
impact  in  a  given  market  (for  example,  utility  electric).  These  goals  were 
determined  by  solar  thermal's  primary  competitor-fossil  fuels. 

The  attainability-based  approach  was  chosen  to  select  component 
goals  because  these  goals  were  directed  at  providing  a  target  for  solar 
thermal  technology  development  and  were  developed  based  on  projected 
improvements  in  component  efficiency  and  cost  through  R&D.  However, 
the  component  goals  had  to  be  not  only  technically  attainable  through 
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R&D  but  also  compatible  with  the  value-based  system  and  energy  goals. 
Researchers  in  government  laboratories  and  industry  judged  the  attain¬ 
ability  of  component  goals  through  assessment  and  analysis.  Program 
managers  and  economists  judged  the  competitiveness  of  the  value-based 
system  and  energy  goals  through  levelized  cost  and  market  potential 
analyses. 

Some  trade-offs  in  the  development  of  goals  were  made  because  of  the 
different  approaches  taken  in  developing  system  and  component  goals. 
For  example,  the  desire  for  the  lowest  possible  system  goal  (that  is,  being 
economically  superior  to  all  other  energy  sources  to  maximize  the  return 
for  technology  development)  was  balanced  by  component  goals,  which 
were  expected  to  be  technically  achievable  through  R&D.  The  set  of 
goals  that  emerged  represented  a  compromise  between  maximizing  the 
potential  return,  represented  by  the  system  goal,  and  making  acceptable 
the  risk  inherent  in  attaining  the  component  goal. 

10.4.2  Target  Markets,  Fuel  Types,  and  Regions 

To  select  value-based  goals,  one  must  analyze  and  select  markets  to  com¬ 
pete  in,  fossil  (or  other  alternative)  fuels  to  compete  against,  and  regions 
of  the  country  in  which  to  compete.  It  is  possible  to  set  up  a  hypothetical 
fossil-fuel-fired  plant  in  a  good  insolation  region  of  the  United  States, 
pick  a  premium  fuel  (such  as  distillate  oil)  to  compete  against,  and  set  a 
cost  target  based  on  displacing  this  ideal  competitor.  However,  the  tech¬ 
nology  developed  toward  such  a  goal  might  not  be  cost  competitive  in 
lower  insolation  regions  or  against  lower-priced,  more  heavily  used  fuels. 
It  is  quite  important,  then,  to  look  at  the  integrated  national  picture  to 
set  value-based  goals.  The  major  energy-use  sectors  can  later  be  disaggre¬ 
gated  to  an  appropriate  level  of  detail  to  ensure  that  the  technology  will 
in  fact  be  competitive  across  a  broad  enough  spectrum  of  markets,  re¬ 
gions,  and  fuel  types. 

Historically,  as  far  back  as  1973  in  preliminary  planning  for  solar 
R&D,  only  a  few  solar  thermal  applications  were  targeted.  These  markets 
included  central  station  electricity  generation,  irrigation  pumping,  and 
cogeneration  (or  as  it  was  called  then,  total  energy  systems).  By  1977,  as 
the  Solar  Thermal  Program  was  divided  into  central  and  dispersed  sys¬ 
tems,  the  target  markets  had  evolved  to  include  central  station  electricity 
generation  with  the  heliostat-central  receiver  system  and  irrigation  pum¬ 
ping,  dispersed  electricity  generation,  and  total  energy  applications  for 
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dispersed  systems  (including  the  trough  and  parabolic  dish).  Many  of  these 
applications  had  been  under  development  for  decades.  For  instance,  a 
solar-powered  steam  engine  was  exhibited  by  Mouchot  at  the  Paris  Expo¬ 
sition  in  1878  and  an  irrigation  pumping  system  had  been  demonstrated 
in  Egypt  by  Schuman  and  Boys  in  1913  (Meinel  and  Meinel,  1977). 

The  DOE  Industrial  Process  Heat  Program  pursued  IPH  applications 
of  solar  thermal  technologies  until  its  integration  with  the  Solar  Thermal 
Program  in  1980.  The  Solar  Thermal  Energy  Systems  Program  then  pur¬ 
sued  R&D  targeted  toward  IPH,  electricity  generation,  cogeneration, 
and  irrigation  pumping.  In  addition,  the  research  and  advanced  develop¬ 
ment  subprogram  was  targeted  for  the  long  term  toward  the  production 
of  gaseous  and  liquid  fuels  from  solar  thermal  to  enable  penetration  of 
the  transportation  and  residential  and  commercial  market  sectors. 

Market  selection  was  based  principally  (Braun  and  Edelstein.  1980) 
on  solar  thermal’s  technical  compatibility  with  electricity  generation 
(at  Coolidge,  Arizona,  with  a  parabolic  trough  150-kWc  system  and  at 
Barstow,  California,  with  the  10-MWC  central  receiver  system),  nu¬ 
merous  IPH  experiments  using  parabolic  troughs,  and  conceptual  design 
studies  of  repowered  electric  plants  and  IPH  boilers  (to  retrofit  the  fossil- 
fuel-fired  systems  with  solar  thermal  central  Receiver  systems).  The  major 
market  sectors  selected  were  those  in  which  energv  generation  was  already 
demonstrated  by  field  tests,  where  user  interest  was  indicated,  and  where 
potential,  based  on  preliminary  studies,  existed,  that  is.  the  electricity 
generation  and  IPH  markets. 

Holtberg  et  al.  (1985)  projected  primary  energy  consumption  in  the 
United  States  for  the  year  2000  with  use  by  sector  (in  descending  order) 
as  follows:  industrial,  electricity  generation,  transportation,  and  residen¬ 
tial  and  commercial.  The  industrial  and  electricity  markets  together  rep¬ 
resent  31.5  quads  (1018  J)  for  industrial  primary  fuel  use  and  23.8  quads 
(101H  J)  for  net  (primary  energy  use  minus  generated  energy)  electrical 
generation.  These  two  sectors,  which  represent  58%  of  projected  energy 
consumption  in  the  United  States  for  the  year  2000,  were  chosen  to  estab¬ 
lish  value-based  system  goals  for  solar  thermal. 

A  key  issue  in  developing  goals  for  electricity  generation  applications 
was  that  of  identifying  the  competing  conventional  power  plants  and  fuel 
types  for  solar  thermal  (Williams,  Dirks,  and  Brown,  1985).  Premium- 
fueled  (oil  and  natural  gas)  plants  were  one  potential  target  because  they 
used  relatively  expensive  fuels;  however,  they  did  not  form  a  good  basis 
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Table  10.3 

Energy  consumption  to  generate  electricity  (in  quads)8 


Fuel  type 

1984 

1990 

2000 

Petroleum 

1.3 

1.0 

0.9 

Gas 

3.2 

2.5 

2.1 

Coal 

14.1 

15.9 

19.8 

Nuclear 

3.6 

6.4 

6.5 

Hydro 

3.7 

4.0 

4.0 

Renewables 

0.2 

0.4 

0.8 

Total 

26.1' 

30.2 

34.1 

Source:  Holtberg  et  al.  (1985). 
a.  1  quad  =  1018  J. 


for  setting  system  goals.  This  is  because  premium  fuel  use  for  electricity 
generation  represents  only  about  9%  of  the  total  primary  fuel  used  for 
electricity  generation,  as  shown  in  table  10.3  for  the  year  2000.  In  addi¬ 
tion,  premium  fuels  were  expected  to  be  phased  down  over  time,  so  that 
the  amount  of  plant  capacity  that  solar  thermal  could  displace  would  not 
be  large.  As  table  10.3  shows,  the  type  of  conventional  plant  that  is  ex¬ 
pected  to  provide  the  largest  fraction  of  primary  energy  (over  58%  in 
2000)  and  to  continue  to  grow  over  time  is  the  coal-fired  power  plant. 

System  goals  for  electricity  generation  were  thus  developed  using  the 
energy  costs  from  a  conventional  coal-fired  power  plant  as  the  competing 
cost  target.  An  intermediate-load  plant  was  chosen  as  being  most  closely 
aligned  to  the  capabilities  of  a  solar  thermal  system.  Because  planners 
chose  one  of  the  lowest  energy  cost  plants  as  the  basis  for  setting  solar 
thermal  goals,  they  expected  solar  thermal  to  be  competitive  with  several 
other  plant  types  (for  example,  premium-fuel-fired)  as  well  if  the  goals 
were  met.  The  energy  cost  from  a  coal-fired  plant  was  used  as  a  target  for 
system  goals  to  indicate  that  the  cost  represented  a  reasonable  target  for 
widespread  adoption  of  solar  thermal,  not  to  indicate  that  solar  thermal 
could  displace  a  large  amount  of  coal-fired  capacity.  Utility-specific,  de¬ 
tailed  grid-mix  analyses  considering  a  range  of  power  plants  and  fuel 
types  were  required  to  predict  the  types  of  plants  and  fuels  solar  thermal 
would  actually  displace. 

Industrial  process  heat  represents  a  large  potential  market  for  solar 
thermal  technology.  If  we  view  that  portion  of  the  total  industrial  end-use 
market  for  fuel  and  power  consumption  only  (ignoring  feedstocks),  we 
can  see  from  table  10.4  that  consumption  of  all  fuel  types  is  expected  to 
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Table  10.4 

Industrial  sector  energy  consumption  for  fuel  and  power  (in  quads)3 


Fuel  type 

1984 

1990 

2000 

Petroleum 

4.6 

5.5 

6.1 

Gas 

6.8 

7.7 

7.9 

Coal 

1.7 

2.1 

3.5 

Electricity 

2.9 

3.5 

4.0 

Renewables 

3.1 

3.6 

4.1 

Total 

19.1 

22.4 

25.6 

Source:  Holtberg  et  al.  (1985). 
a.  1  quad  =  1018  J. 


increase  by  the  year  2000.  The  largest  primary  fuel  sources  in  the  in¬ 
dustrial  market  are  natural  gas  and  petroleum,  which  account  for  almost 
55%  of  the  fuel  used  for  IPH  and  power. 

Natural  gas  and  oil  were  the  competing  conventional  fuels  used  as  the 
basis  for  IPH  system  goals  (Williams,  Dirks,  and  Brown,  1985).  Unlike 
electric  applications,  coal  was  not  targeted  as  a  competing  fuel  for  the 
IPH  market.  Because  the  required  return  on  investment  was  higher  in  the 
industrial  sector  than  in  the  electric  utility  sector,  solar  thermal  would 
most  likely  be  unable  to  compete  with  coal  in^IPH  applications. 

The  insolation  level  selected  for  setting  solar  thermal  system  goals  was 
equivalent  to  the  Barstow,  California,  value  (Williams.  Dirks,  and  Brown, 
1985).  This  was  an  optimistic  assumption,  as  this  level  of  incoming  direct 
solar  radiation  is  not  typical  for  most  of  the  United  States. 

Setting  value-based  goals  for  other  possible  applications,  such  as  co¬ 
generation  or  liquid  tuels  production,  can  be  even  more  difficult.  In  set¬ 
ting  goals  for  cogeneration,  one  has  to  add  thermal  and  electrical  energy, 
decide  whether  energy  at  high  temperatures  [for  example,  932  F  (500  C)], 
is  worth  more  than  at  medium  temperatures  [say,  482'F  (250  C)].  and  de¬ 
termine  whether  or  not  to  count  energy  units  twice  if  the  energy  is  re¬ 
cycled  at  lower  temperature  to  another  use.  For  liquid  fuel  production, 
does  one  set  the  value  based  on  energy  into  the  process,  plant  cost  sav¬ 
ings,  or  on  the  value  of  energy  out  of  the  process? 

10.4.3  Strategic  Time  Frames 

The  temporal  dimension  is  a  key  element  in  quantifying  R&D  goals.  Two 
important  time-related  parameters  are  the  projected  date(s)  for  goal 
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achievement  and  the  period  for  technology  transfer,  that  is,  commerciali¬ 
zation.  The  target  date  is  under  the  control  of  the  organization  sponsor¬ 
ing  the  research;  the  transfer  date  is  only  loosely  under  such  control.  Both 
are  discussed  next. 

In  setting  a  target  date  for  achieving  research  goals,  program  managers 
must  first  set  a  definite  date  for  completing  the  R&D  activity.  Of  course, 
given  that  a  research  program  has  several  different  technology  options  at 
different  stages  of  development,  the  parts  of  its  entire  program  are  not  ex¬ 
pected  to  end  at  the  same  time.  Therefore  different  time  frames  might  be 
selected  for  each  technology  option,  depending  on  its  stage  of  develop¬ 
ment,  market  need,  and  technical  difficulty  in  reaching  the  goal.  Program 
managers  must  also  track  research  progress  periodically.  For  example,  if 
the  only  program  goal  they  set  is  one  of  achieving  a  $46/ft2  ($500/m2) 
capital  cost  target  and  25%  efficiency  by  the  year  2000,  they  will  find  it 
difficult  to  determine  if  their  research  is  on  schedule  or  not  before  that 
time.  Thus  intermediate  goals  are  needed  to  determine  if  the  research  is 
on  schedule  and  if  it  is  achieving  its  desired  aims.  Intermediate  goal  set¬ 
ting  should  consider  both  the  current  R&D  status  and  long-term  goals. 

The  Gas  Research  Institute  (Gottlieb,  1984)  developed  performance 
and  cost  goals  to  be  achieved  by  its  hardware-oriented  research  at  dif¬ 
ferent  stages  of  R&D.  The  final  goal  was  called  the  commercial  goal, 
which  represented  the  performance  and  cost  of  a  mass-produced  system. 
An  intermediate  goal,  to  be  achieved  at  a  specified  point  in  time  at  the 
so-called  proof-of-concept  (POC)  test,  was  called  the  POC  goal,  which 
represented  the  actual  performance  of  the  prototype  device  and  the  pro¬ 
jected  cost  of  that  device  if  produced  on  a  limited,  continuous  basis. 

A  word  of  caution  must  be  expressed  about  setting  intermediate  goals. 
The  manager  or  planner  should  be  careful  to  set  intermediate  goals  that 
will  not  cause  the  R&D  to  veer  toward  an  intermediate  product  that  can 
divert  funds  and  effort  from  the  truly  commercial  target  at  the  end  of  the 
path.  The  intermediate  goal  should  represent  a  checkpoint  on  the  path 
toward  the  long-term  goal  and  not  an  alternative,  more  expensive  con¬ 
cept.  For  example,  if  the  commercial  cost  goal  of  $46/ft2  ($500/m2)  for  a 
solar  technology  requires  developing  second-generation  systems  needing 
composite  materials  and  an  intermediate  goal  of  $  186/ft2  ($2,000/m2)  is 
set,  then  R&D  toward  the  intermediate  goal  should  not  proceed  based  on 
first-generation  hardware  using  metals.  In  such  a  case  the  intermediate 
goal  would  become  an  end  in  itself,  instead  of  acting  as  a  progress  mon- 
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itor  on  the  way  to  the  final  target,  and  could  result  in  the  development  of 
unmarketable  hardware. 

An  appropriate  time  frame,  a  “window,”  for  technology  transfer  or 
commercialization  should  be  considered  in  setting  a  market-oriented 
target.  Considerations  should  include  the  requirements  of  laws,  such  as 
the  Power  Plant  and  Industrial  Fuel  Use  Act  of  1978  (now  repealed),  and 
the  projected  introduction  of  competing  technologies,  such  as  photovol- 
taics,  into  the  marketplace.  The  market  for  solar  thermal  repowering  (solar 
thermal  use  in  a  fuel-saver  mode  only)  represented  just  such  a  window  for 
solar  thermal.  Introducing  a  technology  into  the  marketplace  is  beyond 
the  control  of  a  research  organization  or  federal  agency.  Private  industry 
must  carry  the  technology  forward  to  commercialization.  Still,  setting  a 
time  frame  based  on  a  market  window  aids  an  R&D  effort  by  identifying 
a  specific  potential  market  at  the  end  of  the  development  stage. 

In  setting  solar  thermal  goals,  it  was  decided  (DOE,  1984)  to  focus  on 
the  middle-to-late  1990s  to  set  value-based  goals.  Between  now  and  the 
mid-1990s,  solar  thermal  systems  were  expected  to  be  sold  in  manv 
specific  applications  where  an  energy  cost  higher  than  the  system  goals 
was  economically  feasible.  Near-term  sales  of  solar  thermal  systems  in 
these  high-value  applications  are  vital  in  achieving  the  technology  goals 
because  reaching  a  significant  production  level  in  solar  collectors  is  an 
important  element  in  achieving  the  component  cost  goals. 

10.4.4  Methodologies 

In  this  section  I  summarize  the  electric  and  IPH  market  analyses  and 
assumptions  used  to  set  the  value-based  system  goals.  Many  differences 
existed  between  these  two  market  sectors  and  the  assumptions  used  as  a 
basis  lor  analyzing  them.  For  both  market  sectors  system  goals  were 
based  on  the  projected  levelized  energy  cost  of  competing  conventional 
energy  sources.  However,  different  ownership  assumptions  were  used  for 
each  sector:  electric  utility  ownership  for  the  electric  sector  and  private 
industry  ownership  for  the  IPH  market. 

The  levelized  energy  cost  (LEG)  approach  (DOE.  1984)  considered  all 
relevant  costs,  including  initial  capital  costs,  annual  O&M  costs,  and  re¬ 
turn  on  investment  (ROI).  The  method  is  a  standard  approach  often  used 
in  the  utility  industry  and  is  described  in  more  detail  elsewhere  (Doane  et 
al.,  1976,  EPRI,  1982).  After  it  assesses  the  net  present  value  of  all  costs, 
the  method  calculates  an  equivalent  energy  cost,  which  is  level  (that  is. 
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constant  from  year  to  year)  over  the  system’s  lifetime.  Williams,  Dirks, 
and  Brown  (1985)  used  the  LEC  approach  to  develop  solar  thermal  goals 
because  it  provided  an  economically  "valid  approach  to  evaluating  re¬ 
venues  and  expenses,  had  significant  use  for  past  evaluations  of  solar 
thermal  technology,  and  was  a  technique  familiar  to  the  electric  utility 
industry. 

To  determine  the  value  of  solar  thermal  in  both  the  electric  and  IPH 
market  sectors,  it  was  important  to  reflect  on  how  solar  thermal  would 
actually  be  incorporated  into  the  market  in  question.  This  required  using 
assumptions  that  reflected  the  market’s  capital  investment  decision  criteria. 
Private  industry  tends  to  be  more  conservative  than  the  electric  utilities  in 
their  decision  making.  As  a  result,  the  assumptions  selected  for  the  IPH 
analysis  were  more  conservative  than  those  selected  for  the  utility  study. 
This  did  not  represent  a  difference  in  philosophies  between  the  two 
studies  but  rather  a  difference  between  the  conditions  actually  encountered 
in  those  markets.  The  primary  effect  of  these  differing  market  conditions 
was  reflected  in  the  real  discount  rate  chosen  for  the  calculation  of  life- 
cycle  costs:  3.2%  for  the  electric  utility  market  and  10%  for  the  IPH 
market. 

The  influence  of  different  market  conditions  was  also  felt  in  selecting 
“economic”  lifetimes.  Whereas  the  IPH  analysis  used  a  twenty-year 
stream  of  fossil  fuel  costs  in  calculating  the  value  of  solar  thermal  sys¬ 
tems,  the  utility  studies  used  a  thirty-year  stream  of  fuel  costs.  The  ratio¬ 
nale  was  that  an  industrial  plant  manager  would  want  payback  sooner 
than  a  utility  company  would.  (Utilities  were  accustomed  to  thirty-year 
life-cycle  costing  in  their  present  economic  calculations.)  Some  even 
suggested  that  a  five-  to  seven-year  payback  assumption  for  the  industrial 
sector  would  be  more  appropriate. 

Note  that  lifetime  requirements  raise  another  dilemma,  because  value- 
based  goals  are  supposed  to  be  independent  of  the  specific  technology 
used;  yet  here  we  have  a  case  in  which  the  solar  thermal  systems  and  thus 
the  major  components  (such  as  heliostats)  must  have  two  different  life¬ 
times  to  meet  the  value-based  targets  of  the  IPH  and  electric  market  sec¬ 
tors.  What  would  the  performance  goals  (in  terms  of  lifetime)  be  for 
heliostats  under  these  circumstances?  Should  program  managers  choose  a 
twenty-year  lifetime  initially  to  penetrate  the  IPH  market  (which  has  a 
higher  required  ROI)  with  a  less  expensive  product?  Should  they  design 
to  thirty  years  to  capture  both  markets?  Should  they  aim  for  the  higher- 
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value  market  in  the  near  term  and  the  market  requiring  a  less  expensive 
heliostat  in  the  long  term?  Or  perhaps  two  different  heliostats  would  be 
required  in  the  same  time  frame,  a  less  expensive,  piaybe  less  durable  and 
less  accurate  model,  possibly  with  replaceable  components,  for  the  IPH 
market  and  a  higher  quality,  more  durable,  and  hence  more  expensive 
model  for  the  electric  utility  market.  Thus  it  can  be  seen  that  value-based 
goal  selection  cannot  really  be  totally  divorced  from  hardware  (attain¬ 
ability)  considerations. 

The  component  goals  that  were  set  show  the  impact  of  different  market 
sectors  in  the  design  of  the  receiver  component.  That  is,  the  dish  system  in 
the  IPH  market  required  a  lower-cost,  lower-temperature  (and  thus 
higher-efficiency  because  of  less  radiation  losses)  receiver  than  the  dish 
system  in  the  electric  sector.  On  the  other  hand,  heliostat  goals  by  system 
type  were  identical  for  the  electric  and  IPH  markets.  The  heliostat  life¬ 
time  selected  was  thirty  years  to  achieve  penetration  in  both  markets. 

In  addition,  the  IPH  analysis  considered  solar  to  operate  in  a  “fuel- 
saver”  mode  only.  That  is,  it  used  only  the  value  of  fossil  fuel  and  not  the 
capital  cost  of  the  fossil  boiler  to  compute  the  value  of  solar.  This  is  legiti¬ 
mate  in  the  IPH  market,  where  a  fossil-fuel-fired  backup  is  almost  always 
required  (depending  on  load  matching  and  ^olar  system  storage)  to  en¬ 
sure  that  the  plant  runs  at  all  times.  The  electric  utility  sector  analysis, 
however,  did  consider  the  value  of  the  displaced  capital  costs  of  the  fossil- 
fuel-fired  equipment. 

Finally,  in  the  IPH  sector  analysis  natural  gas  and  oil  were  targeted  as 
the  competing  fuels;  coal  was  selected  in  the  electric  sector  analysis. 
These  selections  were  made  based  on  solar  thermal  having  the  potential 
for  making  a  major  impact  in  the  different  market  sectors. 

In  summary,  many  of  the  differences  cited  were  simply  the  result  of 
program  managers  choosing  two  market  sectors  as  targets  for  solar  ther¬ 
mal  systems  that  had  differing  investment  criteria  and  energy-use  patterns. 

10.4.5  Financial  Assumptions 

When  we  set  financial  and  economic  parameters,  we  widen  the  uncer¬ 
tainty  in  future  projections  to  a  national  and  world  scale.  What  will  the 
inflation  and  discount  rates  be  in  the  year  2000?  What  will  the  world  oil 
price  be  in  the  year  2000?  What  about  institutional  constraints  and  oppor¬ 
tunities,  such  as  fuel  price  decontrol  legislation,  environmental  regula¬ 
tions,  and  energy  tax  credits?  What  about  the  future  surplus  or  shortage 
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Table  10.5 


Levelized  energy  cost  assumptions  (fossil  fuel  system)2 

Parameter 

.  Electricity 

IPH 

Plant  construction  time 

3  yr 

N/A 

Economic  life 

30  yr 

20  yr 

Depreciation  time 

15  yr 

N/A 

Depreciation  schedule 

ACRSb 

N/A 

Investment  tax  credit 

0.1 

N/A 

Discount  rate 

0.0315 

0.10 

(real,  after  tax) 


Source:  DOE  (1984). 

a.  Financial  assumptions  for  solar  thermal  systems  were  the  same  as  the  fossil  system  except 
a  10%  investment  tax  credit  was  assumed  for  the  solar  thermal  system  for  IPH. 

b.  ACRS  =  accelerated  cost  recovery  system. 


of  premium  fuels  such  as  natural  gas?  Almost  all  these  factors  are  beyond 
the  control  of  government-  or  private-sector-sponsored  R&D,  yet  they 
must  be  considered  in  selecting  assumptions  for  goal-setting  analyses. 

Table  10.5  summarizes  the  levelized  energy  cost  assumptions  for  the 
electricity  and  IPH  sectors.  The  discount  rate  for  the  electric  utility  sector 
was  taken  from  Technical  Assessment  Guide  (EPRI,  1982)  and  is  assumed 
to  be  the  real  after-tax  cost  of  capital  for  that  sector.  The  discount  rate 
for  the  IPH  sector,  also  the  real  after-tax  cost  of  capital,  included  a  risk 
premium  for  the  variability  in  the  price  of  premium  fossil  fuels.  The  in¬ 
vestment  tax  credit  for  solar  IPH  was  presumed  to  be  in  force  during  the 
period  of  investment,  an  optimistic  assumption.  The  reasons  for  the  dif¬ 
ferences  in  the  financial  assumptions  between  sectors  was  discussed  in 
section  10.4.4. 

10.4.6  Technical  Assumptions 

Several  technical  issues  that  affected  the  value  to  be  placed  on  the  solar 
thermal  technology  had  to  be  resolved.  The  two  principal  issues  were 
storage  and  capacity  credit. 

The  first  issue  was  whether  or  not  to  consider  the  solar  thermal  system 
as  containing  an  inherent  amount  of  thermal  storage.  A  solar  thermal 
system’s  value  could  change  significantly,  based  on  its  storage  capacity, 
because  of  such  factors  as  load  matching.  The  IPH  system  goals  were 
developed  using  a  fossil  fuel  backup  system.  As  a  result,  thermal  storage 
requirements  for  the  IPH  market  were  reduced  considerably  from  an 
alternative  scenario  where  no  fossil-fuel-fired  backup  was  provided. 
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Thermal  storage  needs  for  the  IPH  sector  were  set  by  such  considerations 
as  thermal  buffering  to  protect  the  solar  thermal  system  from  transients. 
In  actually  designing  a  solar  thermal  system  for  a  specific  IPH  applica¬ 
tion,  engineers  might  economically  justify  much  more  storage  than  just 
buffering.  For  instance,  if  a  plant  operates  five  days  a  week,  thermal  stor¬ 
age  of  the  weekend  solar  energy  would  probably  be  cost-effective.  Con¬ 
siderably  more  storage  was  needed  for  the  electric  utility  sector  than  for 
the  IPH  case  because  the  solar  thermal  systems  were  designed  to  compete 
with  an  intermediate-load  coal-fired  power  plant.  Storage  requirements 
were  set  by  the  intermediate-load  specifications,  that  is,  the  ability  to 
operate  the  plant  at  capacity  for  40-50%  of  the  time. 

Capacity  credit,  that  is,  the  value  of  that  portion  of  the  fossil-fuel-fired 
power  plant  capital  costs  that  a  solar  system  gets  credit  for  displacing,  is 
an  important  parameter  in  setting  goals  in  the  electric  utility  market  sec¬ 
tor.  The  capacity  credit  is  usually  determined  by  utility-specific  grid-mix 
analysis;  the  alternative  technology  is  given  credit  for  displacing  portions 
of  capital  costs  for  new  conventional  plants  that  are  not  built  because  of 
the  alternative  technology.  The  solar  thermal  system  goals  were  based  on 
full  capacity  credit  for  displacing  an  intermediate-load  coal-fired  power 
plant.  This  was  an  optimistic  assumption  usdd  in  setting  system  goals,  as 
it  was  not  determined  by  a  grid-mix  analysis.  The  capacity  credit  assump¬ 
tion  accounted  for  approximately  one-third  of  the  energy  costs  of  a  fossil- 
fuel-fired  plant. 

No  capacity  credit  was  considered  for  the  IPH  value  because  it  was 
based  on  a  fuel-saver  mode.  However,  if  for  instance  a  solar  thermal- 
natural  gas  hybrid  system  would  have  been  compared  against  a  new  coal- 
fired  plant,  then  a  capacity  credit  could  have  been  considered. 

10.4.7  Development  of  System  Goals 

In  selecting  system  goals,  ideally  one  would  want  to  consider  trade-offs 
among  R&D  costs,  system  costs,  probability  of  success,  and  benefits. 
Benefits  to  the  nation  are  usually  determined  by  such  factors  as  cost  sav¬ 
ings  to  the  public  compared  to  conventional  fuel  options.  This  requires 
additional  information  on  levels  of  market  penetration,  future  fuel  costs, 
and  consumer  and  industry  choices  of  fuel  types.  Most  of  these  data  are 
generally  unavailable  or  highly  speculative.  As  a  result,  the  actual  system 
goals  selection  process  must  be  considerably  simplified  from  the  ideal 
case. 
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System  goals  selected  (DOE,  1984)  for  solar  thermal  were  energy  price 
targets  that  had  to  be  met  for  solar  thermal  to  be  economically  viable  in 
the  electric  utility  and  IPH  markets.  These  goals  were  therefore  deter¬ 
mined  primarily  by  the  characteristics  of  competing  energy  sources  in 
these  markets. 

A  more  detailed  approach  using  more  than  two  market  sectors  to  estab¬ 
lish  system  goals  could  have  been  chosen,  and  other  applications,  such  as 
cogeneration  and  fuels  and  chemical  production,  were  potential  can¬ 
didates.  However,  the  decision  was  made  to  base  goal  selection  on  two 
primary  market  sectors,  electricity  generation  and  IPH,  based  on  user 
interest,  design  studies,  field  tests,  and  R&D  progress  made  thus  far.  If 
systems  and  components  could  be  successfully  developed  for  the  goals 
selected,  then  other  markets  could  also  be  penetrated. 

Similarly,  more  detailed  analyses  could  have  been  conducted  in  the 
utility  and  IPH  sectors  on  such  factors  as  regional  differences  for  utilities 
and  for  solar  insolation  and  differences  by  IPH  application  temperature. 
However,  such  an  approach  would  have  greatly  compounded  the  prob¬ 
lems  and  cost  of  goals  development  without  necessarily  increasing  the 
usefulness  of  the  final  set  of  goals.  The  approach  of  having  one  system 
goal  for  each  sector  was  a  compromise  between  the  desire  to  consider  all 
important  market  differences  among  applications  and  the  need  to  set 
applicable  and  easily  used  goals  for  research  managers. 

In  developing  goals,  the  essential  driving  force  behind  each  type  of  goal 
had  to  be  recognized.  System  goals  represent  the  value-based  payoff  for 
developing  solar  thermal  technology  because  they  define  the  final  de¬ 
livered  energy  price  of  the  solar  thermal  system.  To  maximize  the  market 
potential  for  the  technology,  the  system  goals  should  ideally  be  set  as  low 
as  possible  to  allow  solar  thermal  to  be  competitive  with  all  other  energy 
sources.  In  developing  component  goals  (discussed  in  the  next  section), 
one  would  ideally  set  them  high  (for  example,  high  cost,  low  efficiency)  to 
increase  their  probability  of  success.  However,  in  the  compromise  be¬ 
tween  setting  value-based  system  goals  and  attainability-based  hardware 
goals,  some  iteration  is  required.  The  desire  for  the  lowest  possible  system 
goals  must  be  balanced  by  component  goals  that  are  technically  achiev¬ 
able  through  R&D.  The  set  of  goals  selected  is  a  compromise  between  re¬ 
ducing  the  risks  inherent  in  attaining  component  goals  and  maximizing 
the  potential  payoff  represented  by  the  system  goals. 
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Table  10.6 

Range  of  coal  plant  characteristics  used  in  estimating  the  levelized  energy  cost 


Plant  characteristic 

Range 

Plant  size 

500-1,200  MWe 

Net  annual  heat  rate“ 

9,650-10,200  Btu/kWh 

Capital  cost 

51,000-1,900  kWe 

Annual  O&M  cost 

SO. 0039-0. 0065  kWh 

First-year  coal  cost 

Sl.60-S2.80/106  Btu 

(1990-1995) 

Real  price  escalation  for  coal 

1.5%-2.9%  annual 

Source:  Williams  et  al.  (1985). 

a.  1  Btu  =  1,055  J. 

Table  10.7 

Levelized  energy  cost  projections  for  IPH  from  fossil  fuels  (S  106  Btu)a 

Fuel  type 

Low  oil  price 
scenario 

Base-case 

scenario 

High  oil  price 
scenario 

Residual  oil 

7 

ii 

14 

Distillate  oil 

9 

13 

17 

Natural  gas 

7 

9 

12 

Source:  DOE  (1984). 
a.  106  Btu  =  109  J. 


As  previously  indicated,  system  goals  for  electricity  were  developed 
using  an  intermediate-load  coal-fired  power  plant  as  the  competing  tech¬ 
nology.  Table  10.6  summarizes  the  assumptions  used  for  the  coal-fired 
plant.  For  intermediate-load  plants,  the  calculated  levelized  energy  costs 
(LEC)  ranged  from  slightly  under  $0.05/kWh  to  nearly  SO. 08  kWh.  A 
system  goal  of  $0. 05/kWh  was  selected.  As  indicated  earlier,  this  goal 
would  be  considerably  lower  than  the  LEC  from  oil-  or  gas-fired  power 
plants. 

Oil  and  natural  gas  were  the  competing  fuels  selected  for  I  PH.  Table 
10.7  summarizes  the  LEC  projections  used  for  the  1PH  analysis.  The 
primary  source  for  fuel  price  projections  and  escalation  rates  used  in  the 
IPH  analysis  was  a  report  supporting  the  National  Energy  Policy  Plan 
(DOE,  1983).  The  plan's  estimates  for  three  scenarios  (base-case,  high 
world  oil  prices,  and  low  world  oil  prices)  for  residual  fuel,  distillate  fuel, 
and  natural  gas  were  analyzed  using  the  LEC  methodology.  Based  on  re¬ 
sults  of  this  analysis,  a  system  goal  of  $9.00/1 06  Btu  (109  J)  was  selected, 
which  would  allow  solar  thermal  to  compete  with  all  three  fuel  types  in 
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the  base-case  and  high  world  oil  price  scenarios.  However,  based  on  the 
1988  low  world  oil  prices  and  more  recent  projections  of  oil  and  natural 
gas  prices  than  the  NEPP  (Holtberg  et  al.,  1985),  a  reevaluation  of  the 
system  goal  for  IPH  will  probably  be  necessary. 

In  summary,  the  energy  and  system-level  goal  selection  process  was  not 
an  automatic  or  easy  one,  despite  or  because  of  the  large  quantity  of  data 
and  sensitivity  studies  on  which  the  process  was  based.  Research  organi¬ 
zation^)  using  the  goal  selection  process  should  realize  this  difficulty 
from  the  outset.  It  takes  a  long  time  to  gather  and  interpret  market  data 
(which  still  may  not  be  complete  or  perfectly  clear);  the  selection  process 
can  be  indirect  and  may  have  to  satisfy  diverse  parties  and  interests 
(and  will  still  not  achieve  a  consensus  on  all  points).  Even  then  the  goals 
selected  will  not  be  unassailable  (either  from  after-the-fact  experts  or  un¬ 
foreseen  changes  in  the  real-world  market  situation,  such  as  a  reduction 
in  oil  prices).  This  is  not  meant  to  discourage  the  setting  of  R&D  goals, 
because  they  are  a  necessary  precursor  to  performing  research,  but  rather 
to  put  the  process  in  perspective. 

10.4.8  Development  of  Component  Goals 

As  described  earlier,  Williams,  Dirks,  and  Brown  (1985)  used  two  impor¬ 
tant  criteria  to  develop  component  goals.  These  criteria  were  that  the 
goals  must  result  in  achieving  the  system-level  energy  cost  goal  and  that 
the  component  goals  must  be  attainable  through  R&D.  It  is  relatively 
easy  to  determine  whether  the  component  goals  satisfy  the  system  goal  by 
using  LEC  analysis.  However,  it  is  more  difficult  to  determine  the  prob¬ 
ability  that  a  given  component  goal  is  achievable,  and  that  the  degree  of 
risk  has  been  evenly  distributed  among  the  components  (if  desired).  The 
achievability  of  the  component  goals  was  judged  on  several  key  assump¬ 
tions  regarding  the  future  of  solar  thermal  R&D  efforts  from  the  present 
through  the  middle  1990s.  Included  in  these  key  assumptions  (Williams, 
Dirks,  and  Brown  1985)  were  that  government  funding  for  the  Solar 
Thermal  Program  would  continue  roughly  at  its  present  levels,  the  solar 
thermal  industry  would  gradually  expand  sales  into  the  1990s,  research 
programs  directed  at  increasing  the  performance  and  reducing  the  cost 
of  components  would  continue  to  be  successful,  and  industries  would 
achieve  a  significant  annual  sale  of  solar-thermal-specific  components. 

For  the  last  assumption,  a  solar-thermal-specific  component  was  one 
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that  would  not  be  produced  except  for  use  in  a  solar  thermal  plant.  Obvi¬ 
ously  not  all  components  of  the  solar  thermal  plant  would  fall  into  this 
category,  although  some  of  the  more  critical  on^s,  for  example,  concen¬ 
trators  and  receivers,  would.  The  last  assumption,  then,  is  most  impor¬ 
tant  for  those  distributed  items,  such  as  concentrators,  where  sales  on  the 
order  of  10,000-50,000  units/yr  may  be  needed  to  achieve  the  component 
cost  goals. 

The  probability  of  achieving  the  component  goals  will  not  be  the  same 
for  all  technologies  except  under  ideal  conditions.  Technologies  that  are 
at  an  earlier  stage  of  R&D  will  inherently  have  more  risk  than  those  that 
are  more  developed.  For  this  reason,  no  effort  was  made  to  equalize  the 
probabilities  of  achieving  component  goals  among  the  three  solar 
thermal  technologies. 

DOE  (1984)  established  component  goals  in  an  allocation  process,  in 
which  it  examined  performance  and  cost  trade-offs  of  components.  This 
approach  led  to  some  iteration  in  the  process  of  developing  goals.  The 
general  approach  used  (Williams,  Dirks,  and  Brown  1985)  was  to  first 
provide  the  lead  R&D  centers  (Sandia  Laboratories  in  Livermore,  Cali¬ 
fornia,  and  Albuquerque,  New  Mexico)  with  technology  data  sheets  that 
define  the  centers’  best  estimate  of  attainable  efficiency  and  cost  for  each 
component.  Initial  LEC  calculations  were  made  based  on  these  data  and 
compared  to  the  system  goals.  This  initial  set  of  goals  was  then  modified 
in  a  lengthy  review  process  that  asked  industry,  R&D  centers,  and  DOE 
to  reflect  on  the  following  criteria:  standardization  among  technologies, 
comments  from  reviewers,  improved  data,  and  the  need  to  meet  system 
goals.  Table  10.2  shows  the  final  component  goals  chosen. 

Many  degrees  ol  freedom  exist  in  the  selection  of  component  goals, 
first,  trade-offs  are  possible  between  different  components,  such  as  re¬ 
ceivers  and  concentrators,  to  achieve  identical  system  goals.  Second,  for 
the  same  component,  trade-offs  between  such  parameters  as  cost,  effi¬ 
ciency,  lifetime,  and  O&M  costs  are  also  possible.  As  a  result,  no  unique 
set  of  component  goals  alone  satisfies  the  system  goals;  many  solutions 
are  feasible.  A  creative  feature  of  the  analysis  (Williams,  Dirks,  and 
Brown  1985)  used  to  set  solar  thermal  goals  was  a  detailed  set  of  equa¬ 
tions  that  allows  researchers  to  choose  alternative  cost/performance 
goals  for  a  given  component  or  to  trade  off  between  components  within 
the  framework  of  the  system  goal.  Thus  researchers  had  the  degree  of 
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freedom  necessary  to  perform  innovative  R&D,  still  within  the  boundary 
of  achieving  approved  system  and  component  goals. 

All  component  goals  were  developed  with  the  objective  of  being  attain¬ 
able  through  future  R&D  and  yet  making  the  system  goal  achievable. 
Predicting  the  amount  of  improvement  in  a  component’s  performance  or 
cost  is  subject  to  uncertainty.  The  allocation  of  component  goals  may 
thus  change  in  the  future  as  solar  thermal  technology  proceeds  through 
R&D  stages  and  as  certain  components  improve  faster  than  others. 

10.4.9  Measurability:  How  Do  You  Know  When  You  Have  Succeeded? 

How  does  one  determine  when  goals  are  reached?  This  is  not  as  simple  a 
question  to  answer  as  it  seems  at  first.  Research  organizations  by  nature 
do  not  often  commercialize  the  devices  they  develop.  At  best,  they  might 
transfer  the  technology  to  the  private  sector.  As  a  result,  the  research  or¬ 
ganizations  have  little  control  over  the  commercial  price  of  the  device. 
How  then  does  one  verify  when  cost  goals  are  achieved? 

A  difference  of  opinion  often  arose  among  those  who  favored  a  soft 
approach  and  those  who  favored  a  hard  approach  to  resolve  this  issue. 
The  proponents  of  the  soft  method  wished  to  use  learning  curves  or  other 
manufacturing  study  projections  to  extrapolate  from  prototype  hardware 
costs  to  mass  production  costs  and  thus  determine  if  their  technology  had 
reached  its  goals.  The  advantage  of  this  technique  is  that  goals  can  be 
assessed  using  actual  laboratory  or  field  test  hardware  without  waiting 
for  mass  production  to  be  achieved.  The  disadvantage  is  that  this  meth¬ 
odology  will  produce  a  soft  number  (difficult  to  verify)  that  is  highly  de¬ 
pendent  on  such  noncausative  approaches  as  learning  curve  theory.  More 
important,  there  would  be  no  verification  of  manufacturer  interest  to 
produce  the  hardware  at  that  price. 

The  hard  approach  would  evaluate  the  goals  based  on  the  actual  labo¬ 
ratory  or  manufactured  cost  of  the  hardware  as  developed  or  produced. 
Although  such  cost  data  might  be  difficult  to  obtain,  it  would  bring  the 
responsibility  of  price  to  where  it  ultimately  belongs,  the  marketplace. 

For  performance  goals  (for  example,  system  efficiency)  actual  field 
testing  of  a  small-scale  system  for  a  reasonable  period  (not  measurement 
of  peak  efficiency)  can  be  used  to  verify  attainment.  This  is  the  approach 
often  taken  for  measurable  parameters.  Other  alternative  approaches, 
such  as  computer  simulation  of  system  efficiencies,  are  not  usually  con- 
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sidered  reliable  enough  (without  experimental  verification  of  the  compu¬ 
ter  model)  to  be  the  ultimate  arbiter  of  whether  or  not  goals  are  reached. 
Obviously  performance  goals,  at  least  for  solar  thermal  systems,  are 
easier  to  verify  using  experimental  hardware  than  are  cost  goals. 

The  measurability  issue  must  be  resolved  early  in  the  goals  selection 
process,  so  that  those  who  are  setting  and/or  those  who  will  be  held  to  the 
goals  will  know  how  the  judgment  process  will  take  place.  Measurability 
could  affect  the  level  of  goals  chosen. 

10.5  Historical  Perspective 

In  this  section  I  discuss  the  development  of  goals  for  solar  thermal  tech¬ 
nology  and  systems  before  the  selection  of  goals  in  the  1985  Five-Year 
Plan  (DOE,  1984). 

10.5.1  Pre-1980  Goals 

Solar  thermal  program  goals  set  before  1980  tended  to  be  for  energy  and 
system  levels  and  for  the  concentrator  component.  For  instance.  Braun 
and  Edelstein  (1980),  in  an  early  discussion  of  program  goals,  indicated 
that  the  market  would  impose  the  necessary  conditions  for  the  selection 
of  the  “right  price”  for  solar  thermal.  Cost  goals  were  set  for  1990  for 
electric  applications  at  $l,250-2,500/kWe  (this  and  all  following  costs 
are  given  in  1984  dollars),  for  IPH  heat  applications  at  S6.25- 12.50  106 
Btu  (109  J),  and  for  concentrators  at  S9.30- 18.60  ft2  (S 1 00-200  m2). 
They  also  indicated  that  concentrator  production  rates  on  the  order  of 
10,000/yr  were  required  to  achieve  these  levels  of  cost  reduction.  Goals 
for  other  components  were  the  responsibility  of  the  R&D  centers,  within 
the  framework  of  overall  system  and  energy  goals. 

In  the  backup  for  the  Sunset  Review  document  (Jet  Propulsion  Labo¬ 
ratory,  1981),  cost  goals  were  indicated  as  $1,500  kWc  for  utility  electric 
power  applications  and  $10  12.50/106  Btu  (109  J)  for  IPH  applications. 
These  numbers  were  based  on  production  rates  of  20,000  concentrators 
per  year. 

Program  managers  set  these  early  goals  with  a  value-based  perspective 
in  mind.  However,  translating  these  goals  into  individual  technologies 
and  R&D  centers  was  difficult.  Furthermore,  differences  in  interpreting 
what  the  goals  actually  represented,  diverse  assumptions,  and  varied 
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analytical  techniques  often  led  to  an  inconsistent  delineation  of  goals  to 
the  component  level.  Thus  an  interlaboratory  Solar  Thermal  Cost  Goals 
Committee  (STCGC)  was  established  in  1980  to  resolve  these  difficulties. 

10.5.2  Results  of  the  Solar  Thermal  Cost  Goals  Committee 

The  STCGC  chose  target  energy-use  sectors,  selected  a  consistent  set  of 
parameters,  assessed  the  competition,  completed  market  potential 
studies,  and  derived  energy  cost  goals,  system  level  goals,  and  then  sub¬ 
system  or  component  goals.  The  STCGC  chose  the  electric  utility  and 
IPH  markets  as  the  target  market  sectors.  The  committee  decided  that 
market  potential  analyses  should  be  conducted  on  a  regional  basis  to  en¬ 
sure  that  solar  thermal  systems  could  compete  across  the  nation  and  with 
a  variety  of  fossil  fuels.  It  is  worthwhile  to  compare  the  results  of  these 
studies  with  follow-up  analyses  (for  example,  Williams,  Dirks,  and 
Brown  1985). 

The  Jet  Propulsion  Laboratory  analyzed  the  electricity  sector  using  a 
utility  grid  mix  (Gates  and  Terasawa,  1982).  Their  model  compared  an 
electric  utility  grid  with  and  without  solar  thermal  power  systems  over 
the  thirty-year  life  of  a  solar  plant.  The  value  of  the  solar  plants  was  the 
difference  in  net  present  values  between  the  conventional  grid  system 
and  the  grid  with  solar  thermal.  The  analysis  was  run  over  a  range  of 
solar  penetration  of  the  grid  from  1%  to  20%.  Based  on  this  analysis,  the 
STCGC  selected  a  goal  of  about  $3,200/kWe  (1984  dollars)  for  the  elec¬ 
tricity  sector. 

The  Solar  Energy  Research  Institute  (SERI)  conducted  the  IPH  analy¬ 
sis  based  on  a  regional  market  potential  analysis  developed  by  L.  Flowers 
(unpublished).  Based  on  this  study,  the  STCGC  selected  a  system  goal  of 
$220/kWt  for  the  IPH  sector. 

Note  that  current  (DOE,  1984)  targets  as  compared  to  the  STCGC 
goals  are  much  more  ambitious  for  the  electric  utility  sector  than  for  the 
IPH  sector. 

10.6  Implementation  of  Goals 

In  this  section  I  detail  an  approach  to  implement  the  goals  development 
process  described  previously. 
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10.6.1  Subcomponent  Cost  Targets 

Upper-level  market  and  systems  goals  must  be  broken  down  into  levels 
that  can  be  used  for  R&D  program  management.  A  breakdown  to  the 
component  level  was  described  in  sections  10.3.2  and  10.4.8.  In  this  sec¬ 
tion  I  discuss  finer  differentiation  of  the  goals  to  the  subcomponent  level. 

Williams,  Dirks,  and  Brown  (1985)  took  a  major  step  toward  disaggre¬ 
gating  goals  by  breaking  them  down  into  their  component  levels.  How¬ 
ever,  more  disaggregation  was  needed  so  that  researchers  could  use  these 
goals  to  set  down  requirements  for  hardware  development  projects.  For 
example,  a  concentrator  goal  of  $9/ft~  ($100  m2)  might  be  an  appropriate 
target  for  a  concentrator  development  project,  but  it  would  not  be  detailed 
enough  for  research  on  drive  or  mirror  module  components.  Further- 
more,  it  would  certainly  not  be  at  a  fine  enough  level  for  materials  scien¬ 
tists  in  providing  a  criterion  for  their  selection  of  new  or  modified  mate¬ 
rials  for  solar  thermal  concentrators.  However,  a  mirror  module  goal  of 
$3/ft2  ($32/m~)  or  540  lb/ff  (50  lb/m2)  could  be  detailed  enough  to  target 
materials  research  activity. 

Thus  more  effort  is  required  to  further  disaggregate  these  data  to  the 
major  subcomponent  level.  A  cost  goal  for  every  nut  and  bolt  is  not  ad¬ 
vocated  because  this  would  most  certainly  stifle  research  and  innovation. 
Rather,  a  reasonable  level  of  depth  is  needed  in  setting  technical  goals  so 
that  research  across  disciplines  (materials,  thermal  research,  concentrator 
development)  can  be  consistent  and  so  that  materials  research  can  mesh 
with  subcomponent  work.  This  in  turn  must  lead  to  cost-effective  com¬ 
ponents  so  that,  when  a  whole  package  is  put  together,  it  can  still  meet 
the  overall  targets. 

Individual  research  laboratories  should  bear  the  responsibility  for 
further  differentiation  of  goals  so  long  as  their  goals  are  at  least  as  strin¬ 
gent  as  those  recommended  by  the  program  managers.  Of  course,  the  re¬ 
search  laboratories  must  consider  trade-offs  between  component  goals 
and  R&D  costs. 

SERI  took  a  significant  step  in  differentiating  goals  when  it  developed 
a  heliostat  component  cost  breakdown  (Murphy,  1982)  to  set  research  re¬ 
quirements  for  their  Advanced  Concentrator  Research  Program.  Cost 
goals  for  third-generation  subcomponents  used  an  installed  heliostat 
component  cost  of  about  $5/ft2  ($54/m2).  These  subcomponents  included 
the  icflector  assembly,  a  support  structure,  the  drive  assembly,  the  con- 
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trols,  and  the  foundation  or  pedestal.  The  reflector  assembly  goal  targeted 
subcomponent  research  and  was  at  a  level  of  detail  sufficient  for  the 
SERI  Materials  Research  Branch  to  use  in  developing  cost  targets  for 
their  polymer  materials  research. 

10.6.2  R&D  Resource  Requirements 

Effort  is  needed  to  determine  the  budget  allocations  required  to  reach  the 
goals.  The  achievement  of  goals  in  their  target  years  cannot  be  separated 
from  the  dollars  required  to  perform  the  research.  If  budget  levels  are 
halved,  the  chances  that  the  goals  will  be  reached  in  those  years  (or  at  all) 
will  have  been  considerably  reduced. 

10.6.3  Probabilities  of  Success 

The  third  remaining  task  is  to  develop  data  on  probabilities  of  success 
tied  to  both  the  targets  and  the  resource  requirements.  The  probabilities 
could  be  divided  into  two  categories:  technical  and  commercial.  As  R&D 
dollars  allocated  to  the  program  increase  and  as  technical  progress  is 
achieved,  the  technical  probability  of  success  should  increase  accord¬ 
ingly.  The  commercial  probability,  on  the  other  hand,  is  related  to  such 
factors  as  manufacturer  involvement,  customer  interest,  and  removal 
of  potential  institutional  barriers  and  may  not  be  much  influenced  by 
federal  funding.  The  total  probability  of  success  would  be  the  product  of 
the  technical  and  commercial  probabilities.  The  Gas  Research  Institute 
takes  a  similar  approach  (Gas  Research  Institute,  1982)  in  its  planning 
and  appraisal  activities. 

A  research  program  that  completes  these  three  activities  can  fully  in¬ 
tegrate  the  cost  goals  into  the  mainstream  of  its  research  activities  and 
can  quantifiably  justify  incremental  budget  changes  in  specific  directions. 
In  fact,  it  could  lay  the  basis  for  a  marginal  benefits  analysis  of  the  pro¬ 
gram  by  relating  R&D  costs  (allocations)  and  R&D  benefits,  including 
success  probabilities. 

10.6.4  Periodic  Adjustment  of  Goals 

Because  energy  and  system  goals  are  value  based,  they  should  be  reeval¬ 
uated  once  every  few  years  based  on  the  latest  projections  of  con¬ 
ventional  fuel  prices  and  other  relevant  parameters  beyond  the  control  of 
the  Solar  Thermal  Program.  When  solar  thermal  R&D  is  completed,  use- 
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Figure  10.1 

Tracking  of  solar  thermal  system  costs  toward  goals:  central  receiver  electric. 


ful,  efficient,  cost-effective  subcomponent,  component,  or  system  results 
should  emerge.  This  can  occur  only  if  researchers  remain  aware  of  the 
competition.  Researchers  must  also  consider  factors  internal  to  the  pro¬ 
gram,  such  as  budgeting  and  scientific  progress,  in  reevaluating  goals. 

10.6.5  Tracking 

Finally,  to  ensure  that  R&D  is  kept  on  schedule,  researchers  must  peri¬ 
odically  check  the  progress  of  the  research  against  the  targets.  It  would 
be  extremely  beneficial  to  develop  incremental  goals,  earlier  than  1990 
or  2000,  that  would  project  to  the  market-based  targets.  Depending  on 
earlier  decisions  on  measurability,  the  actual  goals  themselves  could  be 
used  for  performance  goals  or  “projected  cost  goals  or  for  some  mean 
value  between  present  costs  and  ultimate  goals  if  the  measurability  crite¬ 
rion  uses  actual  costs. 

Figures  10.1  through  10.3  show  the  tracking  of  system  costs  for  the 
central  receiver  electric  system,  the  parabolic  dish  electric,  and  the  para- 
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Figure  10.2 

Tracking  of  solar  thermal  systems  costs  toward  goals:  parabolic  dish  electric. 


bolic  trough  IPH  systems  (DOE,  1984).  The  Barstow  Solar  One  point 
shown  in  figure  10.1  represents  the  actual  cost  of  the  10-MWe  solar 
thermal  system  in  Barstow,  California.  The  two  lines  in  figure  10.2  are  for 
two  different  technology  options.  The  upper  curve  is  a  track  of  costs  for  a 
heat  engine  mounted  at  the  focal  point  of  each  dish;  the  lower  curve  for  a 
central  turbine.  In  figure  10.3,  the  IPH  Projects  point  is  for  pre-1980  IPH 
experiments;  the  MISR  point  represents  the  Modular  Industrial  Solar 
Retrofit  IPH  project.  As  indicated,  the  Solar  Thermal  Technology  Pro¬ 
gram  made  considerable  progress  toward  the  achievement  of  its  long¬ 
term  goals  for  all  three  of  its  major  system  options. 

10.7  Conclusions 

One  might  draw  from  the  discussion  that  the  development  of  goals  for  an 
R&D  program  is  a  cut-and-dried  process  with  a  fixed  set  of  protocols  to 
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Year 


Figure  10.3 

Tracking  of  solar  thermal  system  costs  toward  goals:  parabolic  trough  IPH 


follow  and  a  static  set  of  assumptions  to  delineate,  or  an  “ivory  tower” 
task  suitable  for  economists  or  planners  (but  certainly  not  researchers  or 
engineers).  Neither  of  these  apparent  conclusions  is  true. 

The  process  of  developing  goals  for  a  research  program  is  fraught  with 
pitfalls,  some  of  them  already  discussed.  From  the  initial  moment  of  es¬ 
tablishing  goals  through  the  final  conclusion  of  the  process,  someone  (or 
many  people)  will  always  be  there  to  point  the  way  down  other  paths. 
These  paths  will  undoubtedly  include  new  target  markets  or  applications, 
more  appropriate  user  decision  criteria  (payback,  return  on  investment, 
life-cycle  costing,  cost/benefit  ratio),  different  fuel  price  tracks  or  dif¬ 
ferent  alternative  fuels,  a  nearer-term  or  longer-term  window  of  oppor¬ 
tunity  (which  might  require  a  shift  in  R&D  toward  development  or  basic 
research,  respectively),  innovative  system  or  technological  approaches, 
and  more  appropriate  component  cost  breakdowns. 

Those  charged  with  developing  the  R&D  goals  will  have  to  choose  a 
methodology  and  a  set  of  assumptions  from  among  these  suggestions. 
They  will  also  have  to  reconsider  their  selections  based  on  changing 
market  conditions  (for  example,  world  oil  prices),  new  projections,  new 
senior  management,  new  regulations  and  repeal  of  regulations  (like  the 
Powerplant  and  Industrial  Fuel  Use  Act  of  1978),  and  research  break- 
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throughs.  This  is  not  to  say  that  the  development  of  goals  is  an  impossible 
task  but  rather  that  it  is  a  dynamic  process.  In  addition,  the  technology 
under  development  will  have  to  compete  with  not  only  state-of-the-art 
equipment  but  also  advanced  alternative  (and  conventional)  technologies. 
A  number  of  approaches  to  handle  alternative  futures  are  available,  in¬ 
cluding  sensitivity  analysis,  scenarios  development,  and  technology  fore¬ 
casting.  The  key  to  these  approaches  is  that  the  research  goals  (and  the 
research  program)  should  be  resilient  under  a  variety  of  probable  market 
and  technological  conditions. 

Eventually,  a  point  will  be  reached  when  goals  will  have  to  be  selected. 
This  should  not  be  done  in  isolation  by  a  select  staff  group  or  a  single 
individual,  either  the  researcher  or  senior  manager.  Both  a  top-down 
approach  to  developing  value-based  (or  market-based)  targets  and  a 
bottom-up  approach  of  projecting  technology  development  should  be 
used,  with  the  energy  and  system-level  goals  being  driven  by  market 
forces  and  the  component  goals  and  allocation  of  system  goals  among  the 
components  being  forged  from  a  technology  basis.  Obviously  a  com¬ 
promise  between  these  approaches  will  have  to  be  reached.  However,  it 
will  do  no  good  to  develop  technology  that  will  not  compete  in  the  future 
marketplace  or,  conversely,  to  set  goals  so  low  that  neither  the  R&D 
dollars  nor  the  technology  will  be  available  within  the  strategic  time 
frame. 

The  researchers  and  engineers  involved  in  developing  the  hardware,  as 
well  as  staff-level  personnel,  must  take  part  in  the  goals  development  pro¬ 
cess  from  the  beginning  to  set  up  a  consistent  framework  that  can  be  ap¬ 
plied  across  research  organizations  and  technologies.  Consistency  of  the 
goals  development  process  and  resiliency  of  the  goals  in  the  face  of  chang¬ 
ing  market  conditions  are  critical  to  both  the  selling  of  the  research  pro¬ 
gram  (not  a  negligible  consideration)  to  governing  boards  and  funding 
agencies  and  to  the  potential  competitiveness  of  the  technology  in  the 
market.  Bringing  in  a  group  of  prospective  manufacturers  or  end  users  to 
provide  some  real-world  advice  on  present  and  future  market  conditions 
would  also  be  helpful.  Finally,  the  researchers  themselves  must  be  part  of 
the  activity.  If  they  do  not  accept  the  goals  and  internalize  them  into  the 
R&D  process,  the  goals  cannot  be  reached,  regardless  of  what  the  reports 
or  plans  say.  Moreover,  the  appropriate  level  of  goal  must  be  communi¬ 
cated  to  research  contractors;  these  targets  must  be  consistent  with 
system-level  goals. 
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In  summary,  although  a  research  program  can  be  conducted  with  no 
goals,  with  goals  developed  by  each  researcher  independent  of  the  other 
players  along  the  R&D  path  or  by  senior  management  who  do  not  com¬ 
municate  these  goals  to  the  research  organization,  staff,  and  contractors, 
such  a  program  will  have  questionable  success  in  developing  products 
that  will  be  able  to  compete  in  the  marketplace.  A  research  program  with 
clearly  defined  goals  can  develop  a  cogent  strategy,  communicate  these 
goals  to  the  outside  world,  and  receive  credit  for  achieving  them  when  the 
research  is  completed. 
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We  present  the  historical  cost  trends  of  solar  thermal  systems  from  1972 
to  1982  and  discuss  possible  reasons  behind  these  trends.  We  also  present 
a  summary  of  selected  projections  from  federal  government  sources  to 
compare  anticipated  and  actual  solar  systems  costs  over  this  period.  Our 
intent  is  to  compile  historical  cost  data  from  the  numerous  studies,  re¬ 
ports,  and  surveys  and  to  give  a  general  overview  of  total  cost  for  in¬ 
stalled  systems  by  generic  system  type  and  major  market  sector  for  the 
entire  United  States.  Such  data  obviously  must  ignore  the  many  vari¬ 
ations  in  system  cost  caused  by  location  and  many  other  factors.  By  using 
average  cost  data,  these  all  are  considered  in  the  aggregate.  The  result, 
then,  is  not  a  technically  usable  cost  history  for  any  particular  system, 
application,  or  regional  market  sector  but  a  cost  history  that  provides  a 
general  overview  of  solar  systems  costs  since  their  widespread  market  in¬ 
troduction  in  the  early  1970s.  More  detailed  cost  data  for  particular  appli¬ 
cations  are  found  in  other  volumes  of  this  series.  For  example.  Shingleton 
discusses  costs  of  hot  water  systems  and  King  discusses  costs  of  space 
heating  systems  in  volume  6. 

Although  the  economic  feasibility  of  solaY  heating,  cooling,  and  power 
generation  depends  on  several  factors,  the  cost  of  the  solar  collectors  and 
related  system  components  is  significant.  Historically  solar  system  costs 
have  hovered  above  the  point  of  widespread  economic  viability.  In  the 
early  1970s,  primarily  under  government  sponsorship,  a  concentrated 
effort  was  launched  to  decrease  these  costs.  This  effort  involved  the 
private  sector  and  the  government  in  systems  modeling,  performance 
testing,  full  system  demonstrations,  component  and  materials  research, 
development  and  testing,  marketing  information  dissemination,  and  tax 
credits  and  other  subsidies.  These  activities  and  the  normal  competitive 
market  torces  have  resulted  in  cost  changes  of  either  a  direct  or  an  indi¬ 
rect  nature,  such  as  efficiency  improvements,  increased  durability,  and 
easier  maintainability.  Other  factors,  such  as  learning  and  experience  in 
manufacturing,  design,  and  installation  and  greater  production  volumes, 
have  had  impacts,  some  of  which  have  been  offset  by  changes  in  marketing 
and  distribution  costs.  By  1980  the  costs  of  delivering  solar  energy  had 
become  competitive  enough  with  conventional  energy  sources  (primarily 
electricity)  to  sustain  an  industry.  However,  the  cost  trends  of  installed 
solar  systems  have  not  been  the  sole  economic  driver;  the  escalating  costs 
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of  oil,  gas,  and  nuclear  energy — and  especially  delivered  electricity — 
have  contributed  to  the  economic  viability  of  solar  energy.  Although  real 
cost  trends  of  solar  energy  do  not  always  display  the  hoped-for  long-term 
reductions,  the  increasing  use  of  solar  systems  over  the  time  studied 
strongly  implies  that  real  economic  improvements  in  solar  thermal  tech¬ 
nologies  have  occurred,  allowing  these  systems  to  compete  with  tradi¬ 
tional  energy  technologies  in  the  marketplace. 

11.1  Historical  Cost  Perspective 

The  many  definitions  of  costs  of  solar  systems  used  in  research  and  appli¬ 
cations  from  1972  to  1982  indicate  the  need  for  a  stable  platform  of  refer¬ 
ence.  The  variable  definition  of  cost  for  solar  systems  and  the  rapidly 
changing  products  and  technology  for  solar  require  use  of  estimating  tech¬ 
niques  and  generic  groupings  that  can  assist  in  an  objective  comparison. 

11.1.1  Various  Definitions  of  Cost 

Solar  thermal  systems  have  traditionally  been  costed  by  several  standards. 
First,  the  cost  is  usually  considered  to  be  the  total  economic  cost  includ¬ 
ing  profit  and  is  therefore  normally  termed  the  “price.”  Cost  is  used  in 
this  context  in  this  chapter.  Second,  the  cost  usually  includes  all  costs 
associated  with  installation  to  the  point  of  actually  delivering  energy  on 
site.  This  also  is  the  definition  used  in  this  chapter  unless  stated  other¬ 
wise.  Third,  the  cost  is  frequently  expressed  as  the  price  of  delivered  en¬ 
ergy  (in  dollars  per  106  Btu)  over  the  life  cycle  of  the  system,  considering 
all  economic  variables,  for  example,  tax  credits,  alternative  energy  prices, 
interest  rates  (if  the  system  is  financed),  expected  life,  and  geographic 
location.  This  life-cycle  costing  method  also  considers  the  efficiency,  dur¬ 
ability,  and  maintainability  of  the  total  system.  It  is  the  cost  indicator 
used  at  the  individual  decision  level.  Life-cycle  costing  is,  however,  a 
poor  indicator  for  comparing  the  longer-term  trends  in  costs  of  solar 
hardware.  It  is  too  susceptible  to  influence  from  geographic  factors  such 
as  insolation  and  economic  factors  such  as  tax  laws  and  interest  rates  that 
have  nothing  to  do  with  the  cost  of  the  technology  itself. 

The  fourth  common  standard  of  costing  solar  systems,  and  a  more  use¬ 
ful  cost  criterion  for  comparative  purposes,  is  the  cost  (of  total  systems 
installed)  per  square  foot  of  collector  area.  However,  because  of  large  in- 
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creases  in  system  efficiencies  and  design  over  the  preceding  ten  years,  this 
criterion  is  not  perfect  as  a  comparative  measure.  A  1982  square  foot  of 
collector  area  is  likely  to  perform  much  more  efficiently  than  a  1972 
square  foot,  and  it  is  likely  to  be  much  more  durable  and  easier  to  main¬ 
tain.  The  reader  should  be  aware  that  the  bulk  of  the  data  and  research 
literature  discussed  in  this  chapter  use  the  total  installed  system  cost  per 
square  foot  without  consistent  adjustments  for  efficiency,  durability, 
maintainability,  or  consistent  conversion  to  the  actual  cost  of  delivered 
energy.  Such  adjustments  are  impossible  to  make  given  the  type  of  data 
available. 

1 1.1.2  Rapidly  Changing  Technologies 

The  historical  perspective  must  include  the  review  of  the  costs  of  many 
rapidly  changing  solar  technologies.  Hundreds  of  different  solar  products 
(or  different  versions  of  products)  exist,  each  with  its  own  state-of-the- 
art  technology  and  its  own  cost/performance  profile.  It  is  therefore  not 
possible  to  track  the  cost  history  of  “identical”  products;  the  real  world 
requires  that  we  address  a  selected  technology  at  one  point  in  time  and 
proceed  to  a  similar  technology  at  a  different  point  in  time  for  which  "all 
else”  besides  cost  difference  is  not  necessarily  equal.  The  selections  must 
be  those  from  the  research  literature  that  address  a  broad  range  of  such 
changing  technologies;  a  statistically  more  valid  method  is  not  achiev¬ 
able.  For  example,  low-temperature  systems  are  used  to  describe  a  wide 
range  of  technical  configurations  with  considerable  variations  over  time 
in  efficiency,  durability,  maintainability,  and  other  characteristics. 


11.2  Working  Definition  of  Cost 

Given  the  variation  in  cost  terminology  and  the  changes  in  technologies 
just  described,  the  reader  should  be  aware  of  the  rationale  behind  and  the 
need  for  the  working  definition  of  cost  presented  in  this  chapter. 

11.2.1  Variables  Affecting  Solar  Technology  Costs 

For  any  individual  installation  the  cost  of  a  solar  energy  system  ideally 
should  be  measured  in  terms  of  cost  per  unit  of  energy  delivered,  that  is, 
dollars  per  10  Btu  (10(>  Btu  equals  1.055  GJ).  However,  this  measure  is 
subject  to  many  variables,  including  installation  costs,  down  payment. 
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loan  terms  and  rates,  purchaser’s  income  tax  rate,  maintenance  costs, 
system  heat  load,  solar  radiation,  collector  area  and  orientation,  alterna¬ 
tive  fuel  cost  and  expected  future  costs,  collector  system  efficiency,  heat 
storage  capacity,  tax  credits,  and  property  tax  rate.  In  a  typical  estimate 
of  cost  per  unit  of  energy  delivered,  these  factors  must  be  defined  or  cal¬ 
culated  over  the  life  of  the  solar  system — perhaps  twenty-five  or  thirty 
years.  Many  of  these  factors  are  considered  in  the  purchase  of  any  energy 
system;  however,  because  solar  normally  has  high  equipment  costs  (three 
to  ten  times  higher)  compared  with  conventional  fueled  systems,  these 
factors  must  be  specifically  considered  to  compare  or  “size”  a  collector 
and  storage  system  so  it  pays  for  itself  over  a  period  commensurate  with 
payback  periods  for  investments  at  going  market  rates  of  return. 

The  life-cycle  cost  approach  allows  one  to  cost  solar  systems  for  a  par¬ 
ticular  installation  and  compare  these  costs  with  those  for  conventionally 
fueled  systems.  This  method  of  analysis  ensures  that  the  factors  discussed 
previously  are  considered  over  the  life  of  the  system.  The  life-cycle  cost 
method  essentially  calculates  the  net  present  value  of  the  cash  investment 
in  the  solar  system,  whether  it  is  just  a  down  payment  (perhaps  part  of  a 
down  payment  on  a  home)  or  the  entire  hardware  and  installation  pur¬ 
chase  price.  This  method  is  a  decision  model  for  a  particular  installation, 
not  a  method  of  establishing  the  precise  cost  per  delivered  unit  of  energy 
for  comparison  among  various  sites  and  installations.  In  fact,  the  life- 
cycle  cost  approach  stresses  that  the  delivered  cost  of  energy  from  any 
particular  solar  system  varies  substantially  over  the  system’s  lifetime — 
ranging  from  “very  costly”  in  the  first  years  to  “very  cheap”  once  the 
initial  investment  payback  point  is  reached. 

11.2.2  The  Working  Definition  to  Be  Used:  Installed  Cost  per  Unit  or 
Capital  Cost 

We  chose  the  immediate  capital  cost  per  unit  of  energy-producing  ca¬ 
pacity  as  our  working  definition  of  solar  system  cost.  This  is  the  best 
solution  for  the  purposes  of  comparison.  The  cost  includes  materials,  de¬ 
sign,  installation,  and  (normally)  testing  or  balancing,  including  all  asso¬ 
ciated  marketing  and  overhead  costs.  The  cost  may  be  expressed  as  cost 
per  square  foot  or  square  meter  of  collector  area  for  an  active  system 
or,  as  in  the  case  of  passive,  cost  per  annual  energy-saving  capability. 
The  latter  ratio,  frequently  used  for  passive  systems,  is  called  the  capital 
productivity. 
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However,  using  the  total  installed  system  cost  per  unit  of  collector 
area  is  not  without  its  problems.  A  system’s  collector  area  is  not  directly 
convertible  to  cost  per  energy  unit  produced  or  delivered  because  of  the 
great  variation  in  insolation  among  locations  and  other  factors,  such  as 
financing  methods,  durability,  operating  costs,  maintainability,  competi¬ 
tive  fuel  costs,  and  escalation  rates.  Also,  this  cost  measure  does  not  con¬ 
sider  the  trends  of  improving  system  efficiency.  Because  no  reasonable 
method  exists  to  correct  the  data  for  this  concern,  it  is  important  to  be 
aware  of  it. 

With  these  concerns  in  mind  it  is  generally  acceptable  to  use  the  total 
solar  system  cost  expressed  as  a  cost  per  unit  of  collector  area  if  a  broad 
mix  of  individual  systems  is  drawn  on  so  as  to  average  out  the  many  vari¬ 
ables.  No  other  useful  standard  for  general  comparison  exists.  This  cost 
measure  is  as  stable  a  platform  as  can  be  found.  Therefore  in  the  later 
parts  of  this  chapter,  the  tables  and  figures  describing  cost  trends  are 
always  presented  in  dollars  per  square  foot  (or  square  meter)  of  collector 
area  when  sufficient  data  are  available  from  the  literature. 

1 1 .2.3  Limitations  of  Data  and  Conclusions 

We  determined  that  the  data  used  in  this  chapter  best  represent  the  U.S. 
cost  averages  at  points  in  time  for  installed  systems  broken  out  by  system 
category  and  market  sector  where  possible.  Data  sources  with  such  aver¬ 
ages  defined  or  implied  were  few  even  though  over  a  hundred  documents 
were  reviewed.  Formal  surveys  directed  at  defining  such  average  cost  data 
were  not  undertaken  until  1980;  and  even  the  formal  surveys  of  1980  and 
1981  do  not  meet  the  most  desirable  statistical  standards.  In  the  earlier 
years  many  “averages”  were  derived  informally  without  being  verified. 
Therefore  over  the  1972  to  1982  period  only  a  general  picture  of  the  cost 
trends  can  be  presented,  spotted  with  specific  examples.  For  any  par¬ 
ticular  average  figure  presented,  a  range  is  always  implied  if  not  stated. 


1 1 .3  Cost  Data  and  Data  Sources 

Cost  data  in  this  chapter  are,  in  general,  arranged  and  presented  by  oper¬ 
ating  temperature  categories  as  follows:  low  temperature,  80°-120°F 
(27°-50°C);  medium  temperature,  100°-200°F  (40°-90°C);  high  tem¬ 
perature,  200°-750°F  (90  -400°C);  very  high  temperature,  750°-2,500°F 
(400°-l,370°C);  passive,  not  specified. 
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Most  of  the  useful  historical  data  of  a  comparative  nature  are  on  low- 
and  medium-temperature  systems,  those  systems  used  for  pool,  space, 
and  service  hot  water  heating.  Historical  data  on  space  cooling  systems 
are  not  numerous  enough  to  indicate  trends. 

High-temperature  cost  data  are  also  sparse,  primarily  because  high- 
temperature  systems  constitute  a  small  portion  of  the  total  market;  for 
example,  according  to  the  U.S.  Department  of  Energy  (DOE,  1983), 
Jess  than  3%  of  total  collector  shipments  in  1982  were  concentrator  or 
high-temperature  types,  such  as  parabolic  trough  collectors.  An  addi¬ 
tional  0.5%  fell  into  the  evacuated  tube  classification,  some  of  which 
operate  in  the  low  end  of  the  high-temperature  range.  However,  some 
high-temperature  data  are  available  and  are  presented. 

Very-high-temperature  systems,  such  as  parabolic  dish  concentrators 
and  heliostat  central  receiver  systems,  have  not  passed  the  prototype 
stage;  data  for  these  systems  are  therefore  limited.  Heliostats  have  been 
the  subject  of  considerable  study,  however,  and  some  cost  data  are  avail¬ 
able  and  are  presented. 

Passive  system  cost  data  are  available  but,  for  reasons  explained  later, 
are  extremely  difficult  to  work  with  so  far  as  cost  trends  are  concerned. 
Viable  cost  ranges  for  passive  can  be  analyzed,  however,  and  are  presented. 

The  sources  of  cost  data  for  these  solar  systems  include  twenty-three 
selected  studies  and  reports,  cost  and  economic  analyses,  projections,  and 
surveys.  Each  of  the  major  sources  are  discussed  in  the  following  sec¬ 
tions.  With  few  exceptions,  only  government-sponsored  sources  are  used. 
The  year  related  to  each  cost  figure  is  either  in  the  paragraph  or  immedi¬ 
ately  adjacent  the  figure  in  parentheses.  Conversions  to  constant-year 
dollars  employ  the  gross  national  product  (GNP)  implicit  price  deflator. 
Values  of  the  deflator  index  are  given  in  chapter  1  of  this  volume.  Al¬ 
though  the  figures  are  not  rounded,  this  does  not  imply  that  the  level  of 
accuracy  is  significant  to  two  decimals. 

11.3.1  Low-  and  Medium-Temperature  Cost  Data 

Early  Baseline  Work  Government  policy  makers  and  a  few  researchers 
considering  the  potential  of  investments  in  solar  research  and  develop¬ 
ment  had  undertaken  studies  as  early  as  1969  to  establish  a  baseline  for 
solar  technology  costs.  The  National  Science  Foundation  (NSF)  and  a 
small  network  of  individuals  conducted  these  early  studies.  In  1973,  with 
the  advent  of  the  energy  crisis,  NSF  initiated  the  Phase  Zero  studies 
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(Cohen,  1974)  to  get  unbiased  estimates  of  the  expected  cost  and  tech¬ 
nical  performance  of  solar  technology.  These  early  studies  provide  ex¬ 
cellent  premarket  cost  data  for  medium-temperature  systems. 

Studies  and  workshops  during  1970-1974  relied  primarily  on  data  de¬ 
rived  from  expert  and  engineering  estimates  and  a  few  models.  In  a  1971 
NSF  report  (MIT  Environmental  Laboratory,  1971)  a  range  of  S 1 .30— 
$4. 00/ft2  ($13.99-$43.04/m2)  (1967  dollars)  flat-plate  collectors  including 
their  “associated  gadgetry”  was  used  as  the  basis  for  residential  applica¬ 
tions.  Furthermore,  a  cost  comparison  was  presented  that  showed  opti¬ 
mized  solar  systems  to  be  cost  competitive  with  electricity  in  all  but  the 
northwestern  areas  of  the  United  States.  Delivered  costs  in  terms  of 
dollars  per  million  Btu  for  solar  systems  were  projected  at  Sl.10-S4.64 
(1967  dollars)  based  on  flat-plate  collector  costs  of  S2.00-S4.00  ft2 
($21.52-$43.04/m2)  (1967  dollars).  It  was  noted  that  “present  prices, 
based  on  hot-water  heaters  purchasable  in  Florida,  Israel,  and  Australia, 
are  not  much  above  [the  $4.00]  figure."  These  figures  are  assumed  to  be 
for  total  installed  systems. 

Several  NSF-sponsored  reports  and  workshops  addressed  the  solar 
cost  question  from  1973  to  1974.  Engineering,  research,  and  development 
of  designs  required  such  cost  data  to  optimize  system  size  and  perfor¬ 
mance.  However,  data  remained  quite  vague.  In  1 973  one  NSF-sponsored 
presentation  used  a  $6.00/ft2  ($64.56/m2)  installed  fiat-plate  collector 
cost  with  an  additional  comment  that  “target  costs  are  between  S2.00  and 
$3.00  in  high  production  quantities"  (Schlesinger.  1974).  These  figures 
are  assumed  to  be  1973  dollars. 

By  1974  NSF  had  three  large  contractors  at  work  to  verify  both  cost 
and  performance  data.  These  Phase  Zero  studies  constitute  one  of  the 
first  organized  sources  ot  baseline  solar  cost  data.  According  to  presen¬ 
tations  made  by  these  contractors  in  1974,  the  cost  range  of  S4.70-S5.80 
ft2  ($50.57-$62.41/m2)  (1974  dollars)  of  installed  fiat-plate  collector 
area  and  a  total  installed  solar  energy  system  cost  of  $13.00  -$20.00  ft2 
($139.88-$2 15.20/m2)  (1974  dollars)  of  collector  were  considered  realis¬ 
tic  based  on  optimized  simulations  and  engineering  estimates  for  both 
space  heating  and  hot  water  systems.  A  typical  cost  breakdown  from  one 
of  these  1974  presentations,  shown  in  table  11.1,  provides  a  baseline  and 
what  turned  out  to  be  an  accurate  estimate  aimed  at  1980  installations. 
Further  price  reductions  were  considered  feasible,  and  a  case  for  a  1980 
range  of  $10.00-$  15.00/ft2  ($107.60-$  16 1.40/m2)  (1974  dollars)  at  the 
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Table  11.1 

Typical  projected  cost  breakdown  for  space  heating  and  hot  water  heating  solar  system 
for  a  single-family  residence3 


Component/item 

Total  cost  (1974  $) 

1974  $/ft2b 

Collector  cost,  installed 

2,780 

6.95 

Storage  tank,  installed  with 
glycol,  insulation,  fittings 

1,190 

2.97 

Auxiliary  heating  system, 
heat  exchangers,  pumps, 
valves,  plumbing,  controls 

2,470 

6.18 

Subtotal  contractor’s  cost 

6,440 

16.10 

Contractor’s  overhead, 
profit 

1,932 

4.83 

Brokerage  or  developer’s 
fee 

502 

1.25 

Selling  price  to  customer 

8,874  =  13,770  (1980  dollars) 

22.19  =  34.44(1980  dollars) 

=  17,948  (1985  dollars) 

=  44.89  (1985  dollars) 

Source:  Cohen  (1974). 

a.  Home  installed  in  Denver,  Colorado,  in  1980.  Collector  area  =  400  ft2  (37  m2). 

b.  $/ft2  x  10.76  =  $/m2. 


total  system  bottom  line  was  also  presented  (Cohen,  1974).  These  last 
figures  convert  to  a  range  of  $20. 22-$30. 34/ft2  ($217.62-$326/m2)  in 
1985  constant  dollars. 

1976-1979  Studies  and  Reports  In  a  1976  report  the  Energy  Research 
and  Development  Administration  (ERDA,  1976)  used  total  system  costs 
of  $10.00,  $15.00,  and  $20.00/ft2  ($107.64,  $161.40,  and  $215.20/m2,  re¬ 
spectively)  of  collector  in  their  scenario  analyses  (1976  dollars);  however, 
ERDA  did  not  consider  the  $10.00  and  $15. 00/ft2  ($107.64  and  $161.40/ 
m2,  respectively)  figures  as  “current”  but  rather  as  possibilities  “through 
incentives  or  as  a  result  of  mass  production  and/or  improved  designs.” 

In  1976  the  Federal  Energy  Administration  (FEA)  publication  Buying 
Solar  (Dawson,  1976)  suggested  a  range  of  $1 5.00— $1 8.00/ft2  ($161.40- 
$193. 68/m2)  (1976  dollars)  of  collector  as  a  reasonable  total  system  cost 
for  residential  space  heating  and/or  hot  water  systems. 

A  detailed  NSF-sponsored  study  on  solar  water  heating  conducted  at 
the  University  of  Delaware  during  1975-1976  concluded  that  a  realistic 
cost  of  collector  for  a  residential  solar  hot  water  system  would  be  be¬ 
tween  approximately  $25.00  and  $32. 00/ft2  ($269.00  and  $344. 32/m2) 
(1976  dollars),  depending  on  the  specific  type  of  system  installed  and 
whether  the  installation  was  new  or  retrofit  (Scott,  1977). 
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Table  11.2 

Typical  cost  breakdown  for  a  residential  domestic  hot  water  solar  system,  installed* 


Component/item 

Collector 

Storage  tank 

Accumulator 

Pumps 

Plumbing 

Controls 

Heat  exchangers,  other 
Installation  labor 
Subtotal  contractor’s  Cost 
Contractor’s  overhead,  profit 
Selling  price  to  customer 


Total  cost  (1977  $) 

660 

283 

32 

89 

55 

86 

111 

165 

1,471 

294 

1,765  =  2,929  (1985  dollars) 


1977  S/ft2b 


12:00 

5.15 

0.40 

1.62 

1.00 

1.56 

2.02 

3.00 

26.75 

5.35 

32.10  =  53.28  (1985  dollars) 


Source:  Hewitt  and  Spewak  (1977)  and  calculations  by  author. 

a.  Collector  area  =  55  ft2  (5.1  m2). 

b.  $/ft2  x  10.76  =  $/m2. 


In  1977,  testimony  before  the  Joint  Economic  Committee  of  Congress 
(Joint  Economics  Committee,  1977)  noted  that  “the  cost  of  installation 
for  solar  space  heating  on  new  tract  homes  in  1977  was  assumed  to  be 
$1,350  (1977  dollars)  as  the  fixed  cost  component  plus  a  cost  of  SI  1.70 
per  square  foot  of  collector  installed.”  For  hot  water  systems  the  fixed 
cost  was  estimated  at  $370.00.  These  figures  imply  a  total  system  cost  of 
collector  of  about  $  17.00/ft'  ($183  m2)  for  space  heating  and  about 
$  1 8.00/ft2  ($  1 94/m2)  for  hot  water  ( 1 977  dollars). 

One  of  the  most  thorough  studies — and  sources — of  cost  data  on 
medium-temperature  solar  systems  for  the  residential  and  commercial 
sectors  was  completed  in  1977  by  MITRE  Corporation  (Hewitt  and 
Spewak,  1977).  This  study  defined  five  generic  solar  systems  and  included 
direct  contractor  and  supplier  inputs  as  well  as  analyses  of  solar  projects 
completed  through  early  1977.  The  cost  structure  for  a  typical  residential 
solar  hot  water  system  is  derived  from  this  study  and  presented  in  table 
1 1.2.  This  study  provides  cost  profiles  tor  complete  systems  installed,  for 
the  lull  range  ol  buildings,  and  for  residential  and  commercial  applica¬ 
tions.  The  data  in  table  1 1 .3  are  displayed  for  reference  purposes  for  com¬ 
bined  space  and  hot  water  applications.  I  hese  data  provide  a  profile  of 
the  total  fixed  and  variable  cost  ranges  for  these  types  of  applications. 

A  1978  DOE  solar  status  report  (DOE,  1978c)  used  a  total  system  cost 
range  of  $32.00-$50.00/ft2  ($344.32-$538.00/m2)  (1978  dollars)  of  col- 


Historical  Cost  Review 


381 


Table  11.3 

Cost  profiles  for  solar  space  and  hot  water  heating  applications,  installed;  liquid  working 
fluid3 


Building  type  and 
cost  center 

Area-related  costs 
(1977  $/ft2)b 

Subject  to  Not  experience 
experience  related 

Fixed  costs  in  1977  $ 

(1985  $  in  parentheses) 

One  and  two  family 

Equipment 

8.00 

14.30 

2,630-4,340  (4,365-7,203) 

Installation 

4.73 

-  3.85 

Design 

1.92 

1.08 

Low-rise  residences 

Equipment 

11.60 

11.50 

37,100-76,300  (61,576-126,638) 

Installation 

5.82 

3.06 

Design 

2.26 

0.74 

Auditoriums 

Equipment 

11.80 

11.00 

58,700-139,000  (97,426-230,703) 

Installation 

5.86 

2.92 

Design 

2.31 

0.69 

Stores,  clinics 
Equipment 

11.60 

11.70 

19,300-50,300  (32,033-83,485) 

Installation 

5.83 

3.11 

Design 

2.24 

0.76 

Educational  buildings 

Equipment 

11.80 

10.80 

88,600-248,000  (147,052-41 1,614) 

Installation 

5.85 

2.88 

Design 

2.82 

0.68 

Hospitals 

Equipment 

11.80 

10.80 

89,700-224,000  (148,878-371,780) 

Installation 

5.85 

2.88 

Design 

2.32 

0.68 

Malls 

Equipment 

11.80 

10.80 

510,000-1,850,000  (846,464- 
3,070,500) 

Installation 

5.85 

2.88 

Design 

2.32 

0.68 

Motels 

Equipment 

11.60 

11.50 

42,200-88,800  (70,040-147,380) 

Installation 

5.82 

3.06 

Design 

2.26 

0.74 

Warehouses 

Equipment 

11.80 

10.80 

1 12,000-337,000  (185,890-559,330) 

Installation 

5.85 

2.88 

Design 

2.32 

0.74 

Source:  Hewitt  and  Spewak  (1977). 

a.  Type  of  collector:  double  glazed,  selective  surface,  liquid.  Type  of  storage:  fiberglass  hot 
water  tank,  1  gal/ft2.  Type  of  backup:  electric,  gas,  or  oil.  System  O&M  cost  fraction:  0.007. 

b.  $/ft2  x  10.76  =  $/m2. 
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lector  for  residential  hot  water  and  $27.00-543. 00/ft1 2 3  (S290.52-S462.68 
m2)  of  collector  for  combined  hot  water  and  space  heating.  For  industrial 
and  agricultural  applications  a  total  system  co$t  of  S20.00-S60.00/ft2 
($215. 20-S645. 60/m2)  of  collector  was  used.  These  figures  w'ere  appar¬ 
ently  derived  from  the  experience  on  selected  demonstrations  and  pri¬ 
vately  funded  systems. 

According  to  a  DOE  report  (DOE,  1979),  system  costs  for  177  non- 
federally  funded  residential  projects  yielded  averages  of  S22.00  ft2 
($236. 72/m2)  of  solar  collector  for  residential  space  heat  and  S 1 8 . 00  ft 2 
($193. 68/m2)  for  residential  space  heat  and  domestic  hot  water.  These 
figures  are  assumed  to  be  in  1978  dollars.  As  compared  to  other  data, 
these  costs  appear  to  be  toward  the  lower  end  of  the  cost  spectrum.  How¬ 
ever,  this  same  report  used  a  $31. 00/ft2  ($333.56  m2)  total  system  cost 
(1978  dollars)  for  a  commercial  space  heating  system  example. 

The  Solar  Energy  Research  Institute  (SERI)  study  on  solar  energy  and 
conservation  (SERI,  1981)  used  1978  cost  data  as  a  baseline  for  analysis 
and  projections.  Drawing  on  data  from  both  estimates  and  actual  instal¬ 
lations,  the  total  installed  cost  for  residential  solar  domestic  hot  water 
systems  ranged  from  $31.65  to  $46.60/ft2  ($340.55-550 1.42/m2)  (1978 
dollars)  of  collector.  For  combined  space  heating  and  hot  water  systems 
the  costs  presented  in  the  study  ranged  from  S22.00  to  S47.00  ft2  ($236.72- 
$505. 72/m2)  (1978  dollars)  of  collector.  The  authors  of  the  study  noted 
that  several  other  studies  and  surveys  supported  these  cost  ranges. 

A  1979  report  by  the  National  Academy  of  Science  (NAS.  1979)  noted 
that  “there  is  considerable  uncertainty  about  [costs  of  installed  solar  sys¬ 
tems]  even  at  present.  Costs  cited  in  this  study  for  a  working  example 
were  $20.00/ft2  ($215.20/m2)  (1979  dollars)  of  collector  installed  for  a 
residential  space  heating  system,  although  the  range  noted  was  from 
$10.00  to  $43. 00/ft2  ($107.60  $462.68  m2).  This  range  was  based  on 
“assessments  from  several  sources”  as  follows: 

1.  ERDA/MITRE.  An  installed  system  cost  of  $20.00  ft2  ($215.20  m2), 
(1976  dollars),  of  collector  is  assumed  (ERDA,  1976). 

2.  DOE/CS.  Installed  system  costs  range  from  $25.00  to  $40.00  ft2 
($269. 00-$430.40/m2)  (1977  dollars)  of  collector  (DOE,  1977). 

3.  SERI.  Surveyed  costs  of  actual  installed  systems  are  $39.00-543.00  ft2 
($419. 64-5462. 68/m2)  (1978  dollars)  of  collector  (SERI  1978-  Ward 
1979). 
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Table  11.4 

Solar  system,  installed  cost  history,  federal  demonstration  program  1974-1978; 
commercial  sector3 


1974 

1975 

1976 

1977-1978 

NSFb 

PONE 

PONIP 

HWIf 

Application 

(S/ft2)0 

(S/ft2) 

($/ft2) 

(S/ft2) 

Service  hot  water 

58 

46 

— 

37 

Space  heating 

114 

61 

41 

— 

Space  heating  and  hot  water 

122 

48 

46 

— 

Space  heating  and  cooling 

216 

105 

69 

— 

Space  heating,  cooling, 
and  hot  water 

127 

114 

79 

— 

Weighted  Average 

Current  dollars 

89 

72 

56 

37 

1985  dollars 

184 

135 

99 

59 

Source:  DOE  (1978b). 

a.  Amounts  in  current  dollars. 

b.  National  Science  Foundation. 

c.  S/ft2  x  10.76  =  S/m2. 

d.  Program  Opportunity  Notice  I. 

e.  Program  Opportunity  Notice  II. 

f.  Hot  Water  Initiative. 


4.  Lovins.  Intelligently  designed  and  installed  systems  in  today’s  market 
are  $10.00-$  15.00/ft2  ($107.60-$161.40/m2)  (1978  dollars)  of  collector 
(Lovins,  1978). 

The  Demonstration  Programs  The  residential,  commercial,  and  in¬ 
dustrial  demonstration  programs  conducted  by  NSF  and  DOE  included 
the  objective  of  gathering  economic  and  cost  data.  Cost  data  from  the  re¬ 
sidential  program  have  been  incorporated  into  several  of  the  reports  cited 
in  this  section.  No  single  comprehensive  analysis  on  costs  for  the  residen¬ 
tial  demonstration  program  was  performed  and  published. 

For  the  commercial  demonstration  projects  the  cost  data  that  are  avail¬ 
able  display  a  definite  downward  trend.  Data  from  the  1978  DOE  Solar 
Update  Conference  proceedings  (DOE,  1978b)  show  that,  from  the  initial 
NSF-sponsored  demonstrations  of  1974  through  the  DOE-sponsored  de¬ 
monstrations  of  1978,  the  total  installed  cost  of  182  solar  systems  dec¬ 
reased  from  an  average  of  $89. 00/ft2  to  $37. 00/ft2  in  current  dollars.  Data 
from  this  report  are  summarized  in  table  1 1 .4.  These  data  are  primarily 
for  medium-temperature  systems. 
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Table  11.5 

Solar  system,  installed  cost  history:  Federal  Demonstration  Program,  industrial  sector3 


System  type 

S/ft2 
(1979  S) 

m 

S/ft2 
(1985  S) 

Low  temperature 

24.60 

34.96 

Medium  temperature 

59.50 

84.56 

Source:  Brown  (1980). 

a.  $/ft2  x  10.76  =  $/m2. 


In  the  industrial  sector  DOE  had  sponsored,  as  of  1980,  eighteen  in¬ 
dustrial  process  heat  (IPH)  projects.  SERI  analyzed  the  available  cost 
data  for  fourteen  of  these  projects  and  concluded  that  the  total  installed 
system  cost  of  collector  area  ranged  from  S24.60  ft2  for  a  low- 
temperature  application  to  $87. 10/ft2  for  a  medium-temperature  applica¬ 
tion.  Figures  are  assumed  to  be  in  1979  dollars.  The  cost  in  terms  of 
capital  productivity  ranged  from  $108.00  to  $536.00  106  Btu  yr  ($  106 
Btu/yr  x  0.948  =  $/GJ/yr).  The  average,  exclusive  of  the  highest  and 
lowest  cost,  was  $276.00/ 106  Btu/yr  (Brown,  1980).  Additional  analyses 
based  on  actual  performance  of  six  of  these  systems  yielded  an  average 
capital  productivity  of  $962.00/106  Btu/yr.  According  to  Brown  (1980), 
proposed  systems  could  bring  these  numbers  within  a  range  of  $100.00  to 
$2 1 9.00/ 1 06  Btu/yr.  Conventional  fuels  such  as  oil  or  gas  displaced  by 
such  systems  would  have  to  cost  between  $50.00  and  $75.00  106  Btu— 
about  ten  times  the  1981-1982  average — for  these  solar  systems  to  be 
economical.  The  data  from  the  report  are  summarized  in  table  1 1.5.  The 
temperature  ranges  are  assumed  to  be  based  on  collector  area  and  annual 
energy  output. 

DOE/Energy  Information  Administration  Surveys  The  official  published 
statistics  from  DOE  did  not  address  costs  of  solar  systems  until  the  1980 
and  1981  active  solar  installations  surveys  (DOE,  1981,  1982).  These  re¬ 
ports  provide  the  most  thorough  and  accurate  source  of  capital  cost  data 
available  for  single-family,  multifamily,  and  commercial  applications  of 
low-  and  medium-temperature  solar  systems  for  the  1980  1981  period. 
Table  1 1.6  summarizes  the  key  data  from  the  1981  survey,  formatted  for 
comparison  with  other  data  in  this  section. 

As  mentioned  previously,  one  of  the  major  problems  encountered  in 
analyzing  cost  trends  of  solar  systems  is  the  significant  variation  in  costs 


Historical  Cost  Review 


385 


Table  11.6 

U.S.  average  solar  system  costs  for  1981  installations3 


Application 

Residential 
single  family  in 

1981  $/ft2  (1985  $ 
in  parentheses) 

Residential 

multifamily 

1981  $/ft2  (1985  $ 
in  parentheses) 

Commercial 

1981  S/ft2  (1985  $ 
in  parentheses) 

Low  temperatureb 

Pool 

9.19(10.92) 

9.17(10.90) 

12.39  (14.72) 

Medium  temperatureb 

Water  heating 

53.03  (63.01) 

29.18  (34.67) 

25.57  (30.38) 

Space  and  water  heating 

43.14(51.26) 

36.65  (43.55) 

29.85  (35.47) 

Space  heating 

32.17  (38.23) 

20.95  (24.89) 

33.01  (39.23) 

Space  cooling  (alone 

46.13  (54.82) 

64.00  (76.05) 

63.30  (75.22) 

or  in  combination) 

Source:  DOE  (1982)  and  calculations  by  author. 

a.  Data  are  derived  from  weighted  average  cost  and  weighted  average  collector  area.  $/ft2  x 
10.76  =  $/m2. 

b.  It  is  assumed  that  pool  heating  systems  are  all  low  temperature  and  all  others  are  medium 
temperature.  There  are  obviously  exceptions;  however,  this  is  the  only  practical  approach  to 
the  data. 


because  of  type  of  system,  differences  in  installation,  and  the  location  for 
any  particular  application.  Figures  11.1  and  11.2  from  the  1980  Active 
Solar  Installations  Survey  (DOE,  1981)  show  an  example  of  this  variation 
in  the  United  States  for  residential  (single-family)  hot  water  systems. 
Total  cost  per  square  foot  and  total  system  installed  cost  are  shown,  as 
well  as  the  national  averages.  Figures  are  in  1980  dollars.  These  types  of 
variation  are  encountered  in  all  solar  applications.  Over  84%  of  these 
48,908  systems  were  retrofit  installations.  Residential  retrofit  systems 
averaged  about  $  1.00/ft2  ($  10.76/m2)  of  collector  more  than  new  instal¬ 
lations.  [In  a  separate  study  performed  for  DOE  covering  earlier  com¬ 
mercial  sector  projects  (King  et  al.,  1979),  the  difference  between  new  and 
retrofit  systems  was  over  $20.00/ft2  ($21 5.20/m2)  of  collector.] 

Other  Sources  and  Surveys  In  addition  to  the  government-sponsored  re¬ 
ports  and  surveys  already  identified,  there  has  been  considerable  in¬ 
formal  tracking  of  cost  data  by  members  of  the  solar  industry  and  the 
technical  and  professional  media.  In  1982  a  summary  of  the  total  in¬ 
stalled  cost  trends  for  low-  and  medium-temperature  systems  from  1974 
through  1981  was  published  based  on  these  informal  sources.  Selected 
data  from  Resource  and  Technology  Management  (RTM)  Corp.  (1982) 
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are  drawn  on  to  fill  voids  in  the  sponsored  research  and  data.  For  low- 
temperature  systems  this  source  shows  a  1974  average  total  system  in¬ 
stalled  cost  of  $6. 00/ft2  ($64. 56/m2)  for  the  Residential  sector  and 
$6. 50/ft2  ($69. 94/m2)  for  the  commercial  sector  (1974  dollars).  In  1977 
these  costs  reached  $7.80  and  $8. 50/ft2  ($83.92  and  $91.46  m2),  re¬ 
spectively  (1977  dollars). 

11.3.2  High-Temperature  Cost  Data 

Few  government-sponsored  studies  have  addressed  costs  of  high- 
temperature  collectors  or  systems.  Parabolic  trough  or  other  line- 
focusing  collector  systems  have  been  in  use  since  the  mid-1970s  but  on  a 
limited  scale.  These  collectors  may  generate  temperatures  up  to  750  F 
(400 °C). 

In  an  ERDA-sponsored  report  (Davis  et  al.,  1976),  a  cost  range  of 
$25.00  to  $35. 00/ft2  ($269. 00-$376. 60/m2)  for  installed  “medium  con¬ 
centration  collectors  was  used  (1976  dollars).  These  figures  did  not  in¬ 
clude  other  system  components. 

In  another  report  (SERI,  1980)  high-temperature  system  total  costs 
range  from  $40.00  to  $87.00/ft2  ($430.40- $936. 12  m2)  of  collector  (1980 
dollars).  These  figures  were  based  on  actual  costs  of  installed  systems  and 
estimates  for  systems  in  the  planning  and  design  stages. 

An  informal  survey  of  professional  and  technical  media  and  industry 
professionals  published  by  RTM  Corp.  (1982)  indicates  that  these  types 
of  collector  systems  averaged  about  $40.00  ft2  ($430.40  m2)  in  1975  (1975 
dollars)  and  about  $65.00/ft2  ($699.40/m2)  in  1981  (1981  dollars),  inclu¬ 
sive  of  all  system  components  and  installation. 

The  preceding  cost  figures  are,  however,  somewhat  misleading.  The 
reason  is  that  the  efficiency  of  high-temperature  systems  has  been  greatly 
improved  (as  much  as  400%)  over  this  period  compared  to  that  of  low- 
and  medium-temperature  systems.  A  data  summary  by  DOE  (1984)  indi¬ 
cates  that  in  1978  the  average  total  system  cost  was  about  $3,930  kW 
output;  by  1979  the  cost  was  averaging  about  $2,480/kWt;  and  by  1980 
costs  were  approaching  the  $l,030/kW,  figure  (all  figures  in  1985  dollars). 

11.3.3  Very-High-Temperature  Cost  Data 

Data  sources  for  very-high-temperature  focusing  or  central  receiver  solar 
systems  designed  primarily  for  electric  power  or  very-high-temperature 
industrial  applications  include  pilot  projects,  prototypes,  and  simu- 
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Table  11.7 

Percentage  of  cost  profile  for  heliostat-central  receiver  system 


System  component 

%  of  total  cost3 

Heliostat  field 

52 

Electric  power  system 

18 

Storage 

10 

Receiver 

5 

Tower 

3 

Piping/heat  exchanger 

8 

Other 

4 

Total 

100 

Source:  CFEE(1981). 

a.  For  a  mature  system,  according  to  the  source. 


lations.  These  applications  have  followed  the  simpler  flat-plate  medium- 
and  low-temperature  systems  by  several  years.  There  are  three  collector 
system  categories:  line-focusing  collectors,  dish  collectors,  and  heliostat- 
central  receiver  systems.  The  line-focusing  or  trough  systems  are  dis¬ 
cussed  under  the  high-temperature  category  (see  section  1 1.3.2),  although 
some  of  the  applications  for  these  systems  may  reach  into  the  very-high- 
temperature  ranges.  There  is  no  adequate  source  of  historical  cost  data 
on  parabolic  dish  systems. 

In  1975  ERDA  envisioned  heliostat-central  receiver  systems  to  be 
economically  viable  with  a  cost  of  $  1 ,650— $3, 100  per  installed  kilowatt  of 
capacity  (1985  dollars)  for  commercial  plants  approaching  the  100-MWe- 
300-MWe  scale.  The  first  5-MWe  and  10-MWe  pilot  or  prototype  systems 
averaged  over  $12,000  per  installed  kilowatt  (1985  dollars). 

Table  11.7  shows  a  general  profile  of  the  system  cost  for  a  central  re¬ 
ceiver  electric  plant.  The  high  percentage  of  cost  (over  50%)  attributable 
to  the  heliostat  field  and  the  potential  savings  from  new  heliostat  tech¬ 
nology  have  resulted  in  concentration  on  this  area  as  the  cost  reduction 
target.  Early  prototype  production  of  222  heliostats  for  the  Central  Re¬ 
ceiver  Test  Facility  in  1975  yielded  installed  costs  of  $79. 93/ft2  ($860.00/ 
m2)  (1980  dollars).  The  10-MWe  Barstow  pilot  plant  used  1,818  heliostats 
that  cost  $39.03/ft2  ($420. 00/m2)  (1980  dollars)  installed  in  1980  (Brandt, 
1980).  In  1980  it  was  estimated  that  continuous  low-volume-production 
rates  of  2,500  heliostats  per  year  could  bring  costs  down  to  $  18.59/ft2 
($200. 00/m2)  installed  (1980  dollars)  (Pacific  Northwest  Laboratory, 
1980). 
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11.3.4  Passive  Cost  Data 

Sources  of  cost  data  for  passive  solar  systems  include  presentations  made 
at  conferences  and  a  few  special  studies.  Passive’solar  systems  are  dif¬ 
ficult  to  define  and  difficult  to  cost.  Cost  per  unit  of  energy  displaced  or 
delivered  is  the  only  comparable  measure  because  many  passive  features 
replace  conventional  construction  and  therefore  cannot  be  isolated  in 
terms  of  cost.  A  Trombe  wall,  for  example,  may  replace  a  conventional 
load-bearing  wall  and  thereby  serve  two  purposes:  it  is  part  of  the  basic 
structure  as  well  as  part  of  the  energy  system,  but  only  a  portion  of  its 
cost  can  be  attributed  to  the  energy  role.  The  cost  measure  used  in  most 
studies  is  to  take  the  additional  costs  of  solar  and  divide  this  cost  by  the 
estimated  or  actual  energy  savings  per  year.  This  measure  (dollars  per  106 
Btu  per  year  =  0.948  GJ/yr)  is  also  called  the  capital  productivity. 

In  a  report  issued  by  DOE  (Morse  and  Maybaum,  1979).  a  general 
capital  productivity  figure  of  $11 7.00/106  Btu  yr  (1978  dollars)  was  used 
as  the  midpoint  in  a  range  from  $70.00  to  $180.00  106  Btu  yr  depending 
on  the  type  of  passive  solar  system,  location,  and  system  size. 

By  1980  SERI  had  accumulated  considerable  cost  data  on  passive  sys¬ 
tems  and  published  comprehensive  cost  guidelines.  Table  11.8  shows 
ranges  of  cost  from  one  of  these  publications  (SERI.  1980)  expressed  in 
terms  of  capital  productivity  of  the  additional  solar  investment  for  the 
various  types  of  passive  solar  systems. 

1 1 .3.5  Summary  of  Data  and  Sources 

The  preceding  discussion  of  sources  and  data  indicates  the  type  of  cost 
data  available.  From  this  diverse  collection  of  reports,  presentations,  and 
analyses  we  can  draw  conclusions  about  general  historical  cost  trends  for 
the  various  technologies  as  they  have  occurred  in  each  major  market 
sector.  Table  11.9  summarizes  these  data.  The  diversity  of  systems  and 
costs  at  any  given  point  in  time  makes  such  generalizations  risky.  The  fol¬ 
lowing  general  cost  trends  are  only  indicative  of  the  real  world  and  are 
constrained  by  the  data  available,  as  discussed  at  the  beginning  of  this 
chapter.  Data  points  from  the  preceding  sources  are  shown  in  each  figure 
as  appropriate  in  current  or  nominal  dollars  and  in  1985  constant  dollars. 
Costs  are  for  total  system,  installed.  The  GNP  implicit  price  deflator  has 
been  used  for  conversion.  Data  points  are  averages ,  representing  the  mid¬ 
points  of  ranges. 
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Table  11.8 

Costs  of  passive  solar  systems;  range  of  additional  construction  costs;  dollars  per  annual 
energy  delivered 


Passive  system  type 

1980  $/ 1 06  Btu  yr  (1985  $  in  parentheses)2 

Direct  gain 

Simulated 

Actual  (monitored) 

Actual  (unmonitored) 

Indirect  gain 

Thermal  storage  wall 

Simulated 

Actual  (monitored) 

Actual  (unmonitored) 

Thermal  storage  roof 

Simulated 

Actual  (monitored) 

Isolated  gain 

Attached  sunspace 

Simulated 

Actual  (unmonitored) 

Connective  loop 

Simulated 

Hybrid 

Actual  ( monitored ) 

Residential 

Commercial 

Actual  ( unmonitored ) 

Residential 

Commercial  (institutional) 

32- 538  (42-701) 

30-139  (39-181) 

33- 127  (43-165) 

85-887  (111-1156) 

36-224  (47-292) 

89-156  (116-203) 

179-1092  (233-1423) 

83  (108) 

33-58  (43-76) 

12-120  (16-156) 

64-147  (83-192) 

26-168  (34-219) 

278  (362) 

120(156) 

308  (401) 

Source:  SERI  (1980). 

a.  S/106  Btu  yr  x  0.948  =  S/GJ  yr. 


Table  11.9 

Cost  data  for  figures  with  references  to  source,  sector,  year;  and  conversions  to  1985  constant  dollars1 
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Figure  11.3 

Central  cost  trend  for  low-temperature  systems.  See  table  1 1.9  for  values  and  sources. 


Low-Temperature  Systems  Figure  1 1.3  shows  the  general  historical  cost 
trends  for  low-temperature  systems.  These  systems  use  collectors  of 
plastic  or  simple  metal  construction  and  generate  temperatures  up  to 
120°F  (50°C).  They  are  used  primarily  for  pool  heating.  Data  from  sec¬ 
tion  11.3.1  are  presented  for  the  residential  £nd  the  commercial  sectors. 
Only  the  midpoints  or  averages  of  the  cost  ranges  presented  in  the  orig¬ 
inal  sources  are  shown.  All  figures  should  be  considered  as  av  erages  for 
total  cost  of  systems  installed. 

The  cost  of  low-temperature  systems  has  gradually  increased,  in  nom¬ 
inal  or  current  dollars,  over  the  1974  to  1981  period  for  both  the  residen¬ 
tial  and  commercial  sectors.  For  the  residential  sector,  in  terms  of  current 
dollars,  cost  increased  from  $6.00  to  $9. 19/ft2  ($64.56-598.88  m2)  of  col¬ 
lector;  for  the  commercial  sector  cost  increased  from  56.50  to  512.39  ft2 
($69. 94-5133. 32/m2).  Converted  to  1985  constant  dollars,  however,  the 
average  residential  application  cost  about  51.50  less  per  square  foot 
($16. 14/m2)  of  collector  area  in  1981  than  in  1974.  Constant  1985  dollar 
costs  fell  from  $12.41  to  $  10.92/ft2  ($133.53  to  $1 17.50/m2)  in  this  sector. 
For  the  commercial  sector,  however,  constant  1985  dollar  costs  increased 
from  $13.45  to  $14.72/ft2  ($144.72  to  $158. 39/m2)  of  collector  between 
1974  and  1981.  In  general,  commercial  applications  are  more  expensive 
because  ot  greater  reliability,  maintainability,  and  durability  require¬ 
ments  and  the  larger  size  of  such  basic  components  as  pumps  and  piping. 
Commercial  systems  also  usually  require  engineering  design  costs  that  are 
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Figure  11.4 

General  cost  trends  for  medium-temperature  hot  water  systems.  See  table  1 1 .9  for  values 
and  sources. 


seldom  encountered  in  the  typical  low-temperature  residential  system. 
The  primary  cause  of  the  real  cost  increase  in  the  commercial  low- 
temperature  systems  over  the  period  is  probably  the  result  of  technical 
improvements  in  design  and  materials.  The  primary  cause  of  the  decrease 
in  real  cost  for  residential  applications  is  most  probably  a  result  of  in¬ 
creasing  competition  in  this  sector. 

Medium-Temperature  Hot  Water  Systems  Figure  1 1.4  shows  the  general 
historical  cost  trends  for  medium-temperature  hot  water  systems.  These 
systems  are  used  for  domestic  and  service  hot  water  only.  They  typically 
generate  temperatures  of  180°-200°F  (82°-93°C).  Data  are  shown  for  the 
residential  and  commercial  sectors  from  the  sources  identified  in  section 
11.3.1.  Only  midpoints  or  averages  of  the  cost  ranges  presented  in  the 
original  sources  are  shown.  All  figures  should  be  considered  as  averages 
for  total  cost  of  systems  installed. 

The  costs  for  medium-temperature  hot  water  systems  in  the  residential 
sector  increased  substantially  in  terms  of  current  or  nominal  dollars  from 
1973  to  1981.  However,  for  commercial  sector  applications  costs  have  de¬ 
creased  substantially.  During  this  time  the  average  residential  system  cost 
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in  current  dollars  increased  from  about  $6.00  to  $53. 03/ft2  ($64.56  to 
$570. 60/m2)  of  collector  area.  But  for  commercial  applications  the  costs 
fell  from  about  $58.00/ft2  ($624.08/m2)  in  1974  to  $25.57/ft2  ($275. 13/m2) 
of  collector  in  1981.  Converted  to  1985  constant  dollars,  these  changes 
are  from  $13.54  to  $63.02/ft2  ($145.69  to  $678.09/m2)  for  the  residential 
sector  and  from  $1 19.97  to  $30.38/ft2  ($1,291  to  $326.90/m2)  for  the  com¬ 
mercial  sector.  For  mature  systems  commercial  applications  may  be  ex¬ 
pected  to  cost  somewhat  less  because  of  the  larger  collector  area  over 
which  Fixed  costs  may  be  allocated.  How  much  of  the  1981  cost  difference 
between  the  sectors  is  a  result  of  this  factor  is  not  possible  to  determine, 
though.  Except  for  the  1981  points,  the  costs  for  the  two  sectors  have 
tended  to  become  more  similar. 

The  dramatic  increase  in  cost,  either  real  or  nominal,  in  the  residential 
sector  can  be  attributed  to  several  factors.  First,  residential  solar  systems 
have  become  more  complex  as  their  applications  have  been  extended  from 
the  tropical  climates  to  the  temperate  zones  of  the  central  and  northern 
United  States.  Second,  both  collectors  and  freeze  protection  subsystems 
have  required  expensive  improvements  to  increase  durability  and  reli¬ 
ability  from  the  1973  system  profiles.  Third,  the  costs  of  competitive  en¬ 
ergy  sources  such  as  electricity  have  escalated  at  high  rates,  especially 
since  1979,  thereby  allowing  price  growth  in  alternative  energy  tech¬ 
nologies.  A  fourth  factor  may  be  the  tax  and  other  incentives  made  avail¬ 
able  to  buyers  in  the  residential  sector  since  1977.  Even  if  costs  have  not 
been  directly  adjusted  upward  to  take  advantage  of  such  inducements, 
at  the  least  the  inducements  encourage  purchase  of  higher-quality  and 
higher-cost  systems.  In  addition,  significant  increases  in  system  efficiency 
over  this  period  enabled  collector  areas  to  be  reduced  while  the  same  or 
greater  energy  output  and  system  cost  were  maintained. 

Thedecreaseinthecostofcommercial  medium-temperature  hot  water  sys¬ 
tems  can  be  attributed  in  part  to  learning  and  experience  and  possibly  to 
the  use  of  competitive  bidding  procedures  common  to  this  sector.  Before 
1974  lew  it  any  solar  systems  were  installed  in  the  commercial  sector. 
These  larger  systems  were  therefore  subject  to  cost  reductions  from 
gained  experience.  And  as  will  be  noted  in  the  behavior  of  commercial 
sector  costs  both  lor  hot  water  and  space  heating  applications  (see  the 
next  section),  there  appear  to  be  greater  pressures  for  cost  reductions  in 
this  sector.  The  procedure  of  closed  bidding  against  rigid  specifications 
commonly  used  in  the  commercial  sector  may  be  a  factor. 
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Figure  11.5 

General  cost  trends  for  medium-temperature  space  heating  and  hot  water  (combined) 
systems.  See  table  1 1 .9  for  values  and  sources. 


The  difference  in  total  system  cost  per  square  foot  between  the  residen¬ 
tial  and  commercial  sectors  as  systems  have  reached  maturity  may  be 
partially  explained  by  closed  bidding  and  specification  procedures,  but 
there  appears  to  be  a  greater  influence  at  work.  This  influence  is  the  much 
greater  collector  area  in  the  commercial  sector  systems  over  which  fixed 
costs  for  system  design,  components,  and  installation  can  be  spread.  This 
is  probably  the  most  significant  reason  for  commercial  sector  cost  being 
below  residential  sector  cost  for  the  medium-temperature  hot  water  sys¬ 
tems  at  maturity.  A  similar  behavior  of  costs  is  indicated  for  the  later 
maturing  combined  space  heating  and  hot  water  systems,  as  shown  in 
figure  1 1.5.  However,  the  behavior  is  much  more  pronounced  in  the  case 
of  hot-water-only  systems,  as  shown  in  figure  1 1 .4.  This  behavior  would 
be  expected  because  of  the  earlier  maturity  of  residential  systems  and  the 
much  greater  difference  in  areas  between  residential  and  commercial  hot 
water  systems.  For  example,  the  1981  data  (DOE,  1982)  gave  the  average 
collector  area  for  a  single-family  residential  medium-temperature  hot- 
water  system  as  61  ft2  (5.7  m2),  whereas  for  commercial  systems  it  was 
517  ft2  (48  m2).  This  difference  in  average  system  area,  a  factor  of  8.4,  is 
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considerably  greater  than  the  5.0  factor  difference  between  sectors  for 
combined  systems  as  calculated  from  1981  data.  The  fixed  costs  are  then 
consistently  spread  over  a  larger  collector  area  for  commercial  sector  sys¬ 
tems.  As  system  efficiencies  increase,  this  difference  becomes  even  more 
pronounced.  This  tends  to  drive  the  total  system  cost  per  unit  of  collec¬ 
tor  area  for  the  commercial  sector  to  values  below  that  for  the  residential 
sector. 

Medium-Temperature  Space  Heating  and  Hot  Water  Systems  The  gen¬ 
eral  historical  cost  trend  for  medium-temperature  space  heating  and  hot 
water  systems  is  shown  in  figure  1 1 .5.  Data  are  presented  for  both  re¬ 
sidential  and  commercial  sectors  from  the  sources  identified  in  section 
11.3.1.  These  data  are  restricted  to  systems  that  provide  space  heating 
and  hot  water  in  combination.  These  systems  typically  operate  in  a  tem¬ 
perature  range  of  100°-200°F  (380-93°C).  Only  midpoints  or  averages  of 
the  cost  ranges  in  the  original  sources  are  shown.  All  figures  should  be 
considered  to  be  averages  for  total  costs  of  systems  installed. 

Medium-temperature  space  heating  and  hot  water  combined  systems 
follow  cost  trends  similar  to  hot  water  systems  discussed  in  the  immedi¬ 
ately  preceding  section.  For  residential  applications  costs  have  increased 
over  the  1974  to  1981  period;  for  commercial  applications  costs  have  de¬ 
creased  substantially  over  the  same  period.  In  terms  of  nominal  or  cur¬ 
rent  dollars  the  average  cost  of  collector  for  residential  applications 
increased  from  $16.50  to  $43. 14/ft2  ($177.54  to  $464.19  m2)  for  combined 
space  and  hot  water  heating  systems  between  1974  and  1981,  although 
costs  were  almost  level  through  1980.  For  the  commercial  sector,  how¬ 
ever,  average  cost  of  collector  area  decreased  from  $122.00  to  $29.85  ft2 
($1,312.72  to  $321. 19/m2)  over  the  1974  to  1981  period.  In  terms  of  con¬ 
stant  1985  dollars  the  average  residential  cost  increased  from  $34.13  to 
$51. 26/1 1  ($367.24  to  $55 1.56/m2),  and  the  average  commercial  sector 
cost  decreased  from  $252.36  to  $35.47/ft2  ($2,715.39  to  $381.66  m2)  over 
the  period.  The  great  cost  difference  between  the  two  sectors  in  the  early 
years,  with  commercial  sector  costs  greatly  exceeding  costs  for  the  resi¬ 
dential  sector,  is  probably  the  result  of  lack  of  both  experience  and  tech¬ 
nologies  able  to  accommodate  larger  commercial  applications.  At  system 
maturity,  apparently  reached  in  about  1978,  the  sector  cost  difference  in 
current  dollars  decreases  to  between  $10.00  and  $20.00/ft2  ($107.60  and 
$215.20/m“),  and  in  1980-1981  a  “crossover”  occurs  with  commercial 
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Figure  11.6 

General  cost  trend  for  high-temperature  systems.  See  table  1 1 .9  for  values  and  sources. 


costs  falling  more  than  $10. 00/ft2  ($107. 60/m2)  below  residential  costs. 
The  cost  in  current  dollars  for  the  1981  data  shows  commercial  applica¬ 
tions  costing  $29. 85/ft2  ($321. 19/m2)  as  compared  to  $43. 14/ft2  ($464.19/ 
m2)  for  the  residential  sector.  Note  that  the  sector  data  behave  in  a  cross¬ 
over  fashion  for  both  space  heating  and  hot  water  applications,  as  shown 
in  figures  1 1.4  and  1 1.5.  As  observed  earlier,  greater  competitive  pressures 
in  the  commercial  sector  may  be  showing  their  influence,  and  there  would 
appear  to  be  basic  differences  for  mature  systems,  such  as  the  greater  col¬ 
lector  area  over  which  to  spread  fixed  costs  for  commercial  applications. 
Again,  however,  one  notices  the  tendency  of  the  costs  of  the  two  sectors 
to  become  more  similar. 

High-Temperature  Systems  Figure  11.6  shows  the  general  historical 
cost  trend  for  high-temperature  systems.  These  systems  usually  employ 
parabolic  trough  or  other  line-focusing  devices  as  collectors.  Data  are 
from  the  sources  discussed  in  section  11.3.2.  Temperature  ranges  typi¬ 
cally  run  from  200°  to  750°F  (90°-400°C).  Only  midpoints  of  ranges  pre¬ 
sented  in  the  original  sources  are  shown.  All  figures  should  be  considered 
to  be  averages  for  costs  of  systems  installed. 

The  cost  trend  for  high-temperature  systems  in  nominal  or  current 
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Year 


Figure  11.7 

Cost  trend  for  heliostats  installed.  See  table  1 1 .9  for  values  and  sources. 

dollars  increased  over  the  1975  to  1981  period  from  between  S30.00  and 
$40. 00/ft2  ($322.80  and  $430. 40/m2)  of  collector  to  about  $65.00  ft2 
($699. 40/m2).  In  terms  of  1985  constant  dollars  the  increase  is  from 
$75. 35/ft2  ($810. 77/m2)  to  about  S77.24  ft"  ($831.10  m2)  of  collec¬ 
tor.  There  are  not  adequate  data  to  enable  the  sectors  to  be  separately 
displayed. 

Very-High-Temperature  Heliostat  Systems  Figure  11.7  shows  the  gen¬ 
eral  historical  cost  trend  for  heliostats.  These  costs  represent  only  the  in¬ 
stalled  heliostat,  not  the  balance  of  the  central  receiver  systems  of  which 
they  are  a  part.  Heliostat  systems  may  generate  temperatures  at  the  cen¬ 
tral  receiver  up  to  2,500°F  (1,370°C).  There  are  only  two  specific  data 
points  displayed,  and  these  data  are  from  two  pilot  installations  as  de¬ 
fined  in  section  1 1.3.3.  Cost  for  heliostats  for  the  first  pilot  installation  in 
1975  was  approximately  $1 12.92/ft2  ($1,2 15.00/m2)  in  current  dollars  or 
about  $2 12.73/ft2  ($2, 289. 00/m2)  in  1985  constant  dollars.  For  the  1980 
pilot  installation,  cost  in  current  dollars  was  $39.03/ft2  ($420.00  m2)  of 
heliostat  or  $50. 84/ft2  ($547.00/m2)  in  constant  1985  dollars.  A  substan¬ 
tial  cost  reduction  is  apparent.  The  principal  reasons  for  such  a  reduction 
are  most  probably  the  experience  gained  from  the  first  pilot  installation 
as  well  as  manufacturing  and  related  economies  resulting  from  the  larger 
production  quantity  for  the  second  installation. 
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11.4  Experience  and  Learning 

Long-term  cost  reduction  of  solar  systems  has  been  expected  in  part  be¬ 
cause  of  the  experience  with  furnaces  and  other  manufactured  equipment 
similar  in  many  respects  to  the  collectors,  controls,  and  heat  exchangers 
of  the  typical  solar  system.  Several  long-  and  short-term  variables  enter 
into  such  cost  reductions  (or  increases).  Nonmanufacturing  areas  such 
as  marketing  and  distribution  can  play  as  important  a  role  as  the  more 
hardware-oriented  areas  of  research,  development,  manufacturing,  sys¬ 
tems  design  (conforming  to  a  specific  structure),  and  installation.  Cost 
changes  resulting  from  changing  marketing  conditions  may,  for  example, 
outweigh  cost  changes  that  are  normally  expected  as  a  result  of  repetitive 
activities  and  accumulating  knowledge.  It  is  also  important  to  separate 
the  aspects  of  system  design  and  installation  from  hardware  manufactur¬ 
ing  when  considering  potential  hardware  cost  reduction.  The  experience 
and  learning  of  the  designer  and  installing  contractor  may  be  sporadic, 
as  compared  to  manufacturing,  yet  significant  for  any  particular  job. 
Because  of  the  emphasis  on  installed  costs  in  this  study,  all  these  types 
of  learning  or  experience  are  included  in  the  figures  but  are  difficult  to 
isolate  for  analysis. 

In  a  detailed  study  of  the  costs  of  solar  systems,  Hewitt  and  Spewak 
(1977)  found  that  between  40%  and  55%  of  area-related  variable  costs  for 
a  typical  solar  system  may  be  “subject  to  experience.”  No  restrictions  were 
placed  on  the  specific  functions— manufacturing  or  nonmanufacturing— 
that  might  be  included.  Reduction  in  costs  from  learning  and  experiences 
in  manufacturing  and  installation,  which  tend  to  be  more  consistent  (in 
theory),  appear  to  have  been  outweighed  in  several  sectors  by  cost  in¬ 
creases  in  marketing  and  distribution.  There  is  little  question  that  the  cost 
reductions,  such  as  the  reduction  in  the  federally  sponsored  commercial 
demonstration  projects  from  $89.00  to  $37. 00/ft2  ($957.64  to  $398. 12/m  ) 
of  collector  in  current  dollars  from  1974  to  1978,  are  attributable  pri¬ 
marily  to  hardware  manufacturing  and  installation.  However,  the  cost 
increases  noted  in  the  general  trends  in  the  residential  sector  are  attribut¬ 
able  primarily  to  rising  costs  in  the  nonhardware,  marketing,  and  distri¬ 
bution  areas. 

11.4.1  Experience  and  Learning  in  Nonmanufacturing  Areas 

For  nonmanufacturing  hardware-related  areas  early  prototype  and  dem¬ 
onstration  projects  had  many  cost  problems  that  have  been  eliminated 
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or  greatly  reduced  as  a  result  of  experience  and  learning.  Planners,  de¬ 
signers,  and  contractors  have  learned  to  reduce  piping  and  duct  run 
lengths,  to  use  nonpressurized  tanks,  to  limit  the  number  of  control 
modes,  and  to  centralize  and  modularize  components  of  solar  systems. 
All  these  factors  have  tended  to  reduce  the  costs  of  later  generation  solar 
systems.  Other  cost  reductions  and/or  performance  improvements  have 
occurred  as  a  result  of  the  experience  acquired  by  planners,  designers, 
and  contractors.  Such  practices  as  having  a  few  spare  collectors  on  site 
in  case  of  damage  is  an  example  of  a  cost-saving  approach  learned  from 
experience.  This  behavior  is  to  be  expected;  however,  it  is  a  difficult  task 
to  determine  the  cost  reductions  caused  directly  by  such  experience  and 
learning. 

In  the  nonhardware  areas  early  manufacturers  and  contractors  were 
faced  with  the  problem  of  introducing  an  unproven  and  relatively  expen¬ 
sive  technology  into  traditional,  well-established  markets.  Between  1972 
and  1982  the  traditional  market  for  heating,  cooling,  and  power  gen¬ 
eration  became  more  difficult,  not  less,  in  terms  of  marketing  and  dis¬ 
tributing  solar  technologies.  Early  enthusiasm  and  public  government 
support  for  solar  succumbed  to  the  reality  that  these  new  technologies 
could  not  offer  substantial  cost  or  technical  advantages  in  most  market 
sectors.  Rather  than  enjoying  a  cost  reduction  because  of  increased  learn¬ 
ing  and  experience  in  the  marketing  and  distribution  areas,  solar  has  been 
subject  to  increasing  cost  requirements  in  these  areas,  although  the  exact 
extent  or  proportion  of  these  costs  as  a  part  of  the  total  systems  installed 
cost  is  not  possible  to  isolate  from  currently  available  data. 

11.4.2  Learning  and  Experience  in  Manufacturing 

Reducing  costs  through  experience  and  learning  in  the  manufacturing 
process  is  a  separate  matter.  In  the  production  process  learning  and  ex¬ 
perience  are  gradually  incorporated  into  the  “production  function.”  and 
consistent,  long-term  cost  reductions  are  expected.  Such  learning  and  ex¬ 
perience  may  take  practically  any  form.  People  learn.  New  techniques  or 
new  machinery  may  contribute.  The  improvement  is  normally  measured 
as  a  percentage  reduction  as  production  doubles  from  any  given  volume. 
Data  for  forced  warm  air,  nonelectric  furnaces  for  the  years  1950  through 
1973,  as  displayed  in  figure  1 1.8,  are  typical  of  expectations.  Level  of  in¬ 
vestment  in  production  technologies,  the  degree  of  competition,  and  the 
size  of  the  market  as  well  as  the  general  consistency  of  the  technology  all 
contribute  to  this  type  of  cost  reduction.  Figure  1 1.9  (also  discussed  in 
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Figure  11.8 

Experience  curve  for  nonelectric,  forced  warm  air  furnaces,  1950-1973  (MITRE 
Corporation,  1978,  p.  12). 


the  following  section)  is  an  example  of  these  expectations  applied  to  solar 
systems  in  California. 

Manufacturers  of  solar  systems  and  components  most  certainly  experi¬ 
ence  cost  reductions  as  a  result  of  learning  and  experience.  However, 
measuring  such  reductions  requires  consistent  data  over  a  long  period; 
and  such  data  have  not  yet  been  isolated;  nor  has  the  industry  been  oper¬ 
ating  at  production  volumes  high  enough  and  long  enough.  There  is,  no 
doubt,  some  such  reduction  in  actual  manufacturing  costs  contained  in 
the  overall  trends  of  installed  solar  system  costs.  The  reduction  in  in¬ 
stalled  heliostat  costs  from  $1,075  to  $525  (1984  dollars)  as  production 
increased  from  a  lot  of  222  to  a  lot  of  1,818  contains  some  manufacturing 
cost  reductions  attributable  to  learning.  Most  other  systems  do  not  have 
such  obvious  data  to  rely  on,  and  even  in  this  case  many  other  nonmanu¬ 
facturing  factors  were  involved  in  this  cost  reduction. 

In  conclusion,  the  actual  impact  on  cost  of  learning  and  experience  in 
the  solar  technologies,  although  apparent  in  some  instances,  cannot  be 
isolated  or  measured  in  detail  because  of  a  lack  of  data. 
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Figure  11.9 

Examples  of  (expected)  area  dependent  cost  decreases  in  California  (1977  dollars  x  1 .660  = 
1985  dollars).  From  Rebibo  et  al.  (1977,  pp.  14-20). 


11.5  Comparison  with  Early/Historical  Projections 

The  early  cost  projections  for  solar  systems  as  presented  in  government- 
sponsored  reports  and  studies  appear  to  have  been  somewhat  optimistic 
but  not  unreasonable.  Many  early  projections  were  in  essence  goals 
directed  at  competition  with  1974  1978  conventional  energy  prices. 
Although  these  years  brought  steady  price  escalations,  the  1979  oil  price 
shock  lifted  all  energy  prices  substantially  above  the  expectations  of  gov¬ 
ernment  and  industry  planners.  Inflation  from  1974  through  1981  also 
created  unforeseen  impacts  on  costs  that  few  projections  could  account 
for  in  advance.  Even  with  these  difficulties  most  early  projections  do  not 
deviate  significantly  from  actual  data.  Projections  are  converted  to  1985 
constant  dollars  in  table  11.10  for  comparison  purposes. 

Between  1970  and  1973  several  informal  cost  projections  for  solar  flat- 
plate  (medium-temperature)  collectors  were  made  by  researchers  under 
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NSF  sponsorship.  During  this  period  figures  of  S2.00-S4.00  ft"  ($21.52- 
$43. 04/m2)  (1973  dollars)  of  collector  installed,  excluding  other  major 
system  components,  were  projected  as  target  costs  for  high  production 
quantities — quantities  that  had  not  been  achieved  as  of  1985. 

The  earliest  formal  projections  of  significance  for  medium-temperature 
systems  were  generated  in  1974  during  the  Phase  Zero  studies.  In  the 
selected  example,  shown  in  table  11.1,  the  projected  cost  for  a  1980  instal¬ 
lation  of  a  residential  solar  space  and  water  heating  system,  converted 
to  1980  dollars,  was  $34.44/ft2  ($370. 57/m2)  of  collector  area.  The  1980 
Active  Solar  Installations  Survey  (DOE,  1981)  yielded  a  national  average 
of  $20.60/ft2  ($221. 66/m2)  (1980  dollars);  the  1981  survey  (DOE,  1982) 
yielded  an  average  of  $43. 14/ft2  ($464. 19/m2)  (1981  dollars).  The  average 
of  these  two  figures,  about  $30. 00/ft2  ($322.80  m2  )  (1980  dollars)  is  close 
to  the  $34. 25/ft2  ($368. 53/m2)  Phase  Zero  projection  made  in  1974. 
ERDA  (1976)  indicated  that  a  total  system  cost  of  $10.00-$15.00  ft* 
($107. 60—$  161. 40/m2)  (1976  dollars)  of  collector  area  was  possible.  This 
was,  however,  not  a  projection  of  a  formal  nature.  These  costs  in  1980 
dollars  equate  to  $1 3.40— $20.00/ft2  ($144. 18-8215.20  m2).  slightly  below 
the  $20. 60/ft2  ($221. 66/m2)  national  average  for  space  and  water  heating 
systems  in  the  1980  Active  Solar  Installations  Survey,  although  consider¬ 
ably  below  the  1981  survey  average  of  $39.70  ft2  ($427.17  m2)  (1980 
dollars). 

In  a  major  study  by  Witwer  et  al.  (1978)  a  figure  of  approximately 
$20. 00/ft2  ($215. 00/m2)  (1975  dollars)  of  collector  area  for  the  total  cost 
of  a  residential  solar  hot  water  system  was  projected  for  1980  [assuming 
a  50-ft2  (5-m2)  system  size].  The  actual  national  average  for  1980  (DOE, 
1981)  was  $49. 00/ft2  ($527. 24/m2)  (1980  dollars).  In  this  case  the  authors 
had  projected  that  installed  collector  costs  would  fall  from  $15.00  to 
$10.00  between  1975  and  1980  (in  1975  dollars).  This  type  of  reduction 
was  also  anticipated  and  projected  in  other  studies.  The  Phase  Zero  study- 
discussed  included  a  “feasible”  1 980  case  for  a  range  of  $  1 0.00  $  1 5.00  ft2 
($107.60  $161. 40/m2)  (1974  dollars)  of  collector  area  for  total  system 
costs— down  from  the  $13.00  $20.00/ft2  ($139.88  $215. 20/m2)  figure 
used  as  the  baseline  (1974  dollars).  Rapid  cost  reductions  such  as  those 
noted  have  been  anticipated  primarily  because  of  substantial  quantity 
increases  projected  for  production  of  solar  systems.  In  a  1977  study 
(Rebibo  et  al.,  1977)  rapidly  falling  costs  were  anticipated  from  1975  to 
1982.  Figure  11.9  displays  a  projection  from  this  study  that  brings  total 
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solar  system  costs  of  collector  (combined  space  and  hot  water)  from  a 
1975  range  of  $35.00-$37.00/ft2  ($376.60-$398.12/m2)  (1977  dollars)  to  a 
1982  figure  of  approximately  $20.00/ft2  ($215.20/m2)  (1977  dollars).  The 
1981  comparative  data  from  the  1981  survey  (DOE,  1982)  for  California 
shows  that  these  projections,  which  were  based  primarily  on  anticipated 
learning  and  experience  improvements,  were  optimistic.  In  testimony  be¬ 
fore  the  Joint  Economics  Committee  (1977)  it  was  observed. 

Now  that  some  experience  has  been  gained  both  in  manufacturing  and  installa¬ 
tion  of  solar  systems,  it  is  apparent  that  the  cost  of  solar  collectors  installed,  but 
excluding  fixed  costs,  will  be  about  $10  per  square  foot  (1977  dollars).  Although 
this  may  seem  high  in  comparison  to  estimates  as  low  as  $3  per  square  foot  used 
in  previous  studies,  we  find  that  feasibility  does  occur  for  solar  water  and  space 
heating  systems  between  now  and  1990  if  either  decontrolled  prices  of  traditional 
energy  sources  are  used  as  the  basis  of  comparison  or  where  curtailment  of 
natural  gas  occurs. 

Later  in  the  testimony  it  was  stated  that  “it  is  apparent  that  the  cost  of 
solar  collectors  installed,  but  excluding  fixed  costs,  will  be  about  $10  per 
square  foot  (1977  dollars)  with  little  real  hope  of  long  run  cost  reduction 
given  materials  and  labor  requirements.” 

As  late  as  June  1978  U.S.  DOE  (1978c)  projected  total  system  costs  to 
fall  from  a  range  of  $32.00— $50. 00/ft2  ($344.32— $538. 00/m  )  (1978 
dollars)  of  collector  in  1978  to  a  range  of  $20.00-$30.00/ft2  ($215.20- 
$322. 80/m2)  (1978  dollars)  by  1985  for  residential  hot  water  systems. 
Similar  reductions  were  projected  for  residential  space  heating  and  agri¬ 
cultural  and  industrial  applications.  These  projections  were  based  in  part 
on  reaching  such  national  goals  as  2.5  million  solar  homes  by  1985.  Such 
cost  reductions  are  not  supported  by  actual  data  as  of  1982,  when  the 
average  cost  for  the  system  specified  was  about  $40.00  (1978  dollars). 

DOE  (1978a)  projected  a  total  system  cost  range  of  $30.00-$39.00/ft2 
($322.80- $419. 64/m2)  (1978  dollars)  of  collector  area  for  the  year  1982. 
This  range  was  considered  relevant  for  both  residential  and  commercial 
sectors.  The  estimated  costs  in  terms  of  delivered  energy  from  a  typical 
solar  hot  water  system  ranged  from  $8.57  to  $17 .90/ 1 06  Btu  (1978  dollars) 
for  the  1982  projections.  Adjusted  to  1982  dollars  the  cost  of  collector 
equates  to  $41.00-$54.00/ft2  ($441. 16-$58 1.04/m2),  and  the  delivered 
energy  adjusted  to  $1 1.75-$24.50/106  Btu.  The  higher  projected  costs  per 
square  foot  for  solar  water  heating  systems  compares  reasonably  well 
with  the  DOE  (1982)  national  average  of  $56.40/ft2  ($606.86/m2)  (1982 
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dollars)  for  the  residential  sector,  but  the  $27.20/ft2  (292.67/m2)  actual 
figure  for  commercial  sector  applications  is  much  below  the  projected 
range. 

Projections  for  higher-temperature  collection  and  heliostat  systems 
normally  extend  beyond  1982  and  therefore  cannot  be  compared  to  ac¬ 
tual  figures.  The  broad  ranges  of  passive  solar  costs  and  absence  of  data 
make  most  passive  projections  meaningless  for  trend  analysis  or  compari¬ 
son  purposes.  These  technologies  are  therefore  not  considered  here. 

11.6  Economies  of  Scale  and  Other  Considerations 

The  ultimate  cost  of  solar  technologies  is  partially  dependent  on  the  scale 
of  the  total  solar  industry,  the  degree  of  standardization,  the  amount  of 
competition,  and  the  impacts  of  government  subsidies,  programs,  and 
legal  constraints.  Although  these  subjects  have  been  discussed  in  many 
studies,  with  few  exceptions  their  direct  effect  on  costs  as  defined  in  this 
chapter  have  not  been  analyzed. 

1 1 .6. 1  Manufacturing  Economies  of  Scale 

Over  the  1972  to  1982  period  some  general  manufacturing  cost  reduction 
of  solar  thermal  systems  resulted  from  increasing  economies  of  scale  for 
manufacturers.  In  1974  (the  first  year  for  which  data  are  available)  collec¬ 
tor  manufacturers  averaged  about  28,000  ft2  (2.600  m2)  of  production 
for  the  year;  but  by  1982  they  were  averaging  almost  70.000  ft2  yr  (6.500 
m2/yr)  (DOE,  1983).  These  averages  imply  that  manufacturers  found  cost 
advantages  or  greater  total  profitability  by  increasing  the  scale  of  their 
production  over  this  period.  This  conclusion  is  general  because  the  pro¬ 
file  of  individual  manufacturers  cannot  be  presented  and  specific  cost  re¬ 
ductions  per  unit  output  cannot  be  calculated;  however,  it  is  apparent 
that  increasing  economies  of  scale  have  influenced  the  overall  cost  equa¬ 
tion  of  solar  systems.  Cost  reductions  attributable  to  such  economies  of 
scale  have  not  necessarily  been  visible  at  the  final  cost  level  because  of  im¬ 
pacts  of  other  factors. 

1 1.6.2  Market  and  Distribution  Economies  of  Scale 

As  a  manufacturer’s  production  volume  increases,  the  cost  per  unit  for 
marketing  materials,  sales  force  (or  sales  commissions),  and  distribution 
infrastructure  will  usually  decrease.  This  relationship  may  not  be  true 
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after  market  saturation  occurs  and  competition  becomes  greater.  For  a 
growth  industry,  such  as  solar,  the  marketing  and  distribution  costs  per 
unit  most  probably  decreased  as  the  average  manufacturer’s  production 
volume  increased  during  the  early  years  of  the  industry.  However,  because 
competition  in  the  market  has  always  been  high  for  solar  technologies,  it 
is  doubtful  that  manufacturers  enjoyed  such  cost  decreases  for  long.  No 
detailed  DOE  reports  or  other  known  published  sources  provide  verifica¬ 
tion  of  increasing  economies  of  scale  in  marketing  or  distribution. 

11.6.3  Standardization  Impacts 

The  impact  of  materials,  installation,  and  performance  standards  on  the 
cost  of  solar  systems  is  not  possible  to  measure — but  it  is  certain  to  be  a 
factor  in  the  cost  equation.  In  general,  such  standards  may  tend  to  in¬ 
crease  short-term  costs  but  decrease  longer-term  costs.  For  example,  the 
collector  performance  testing  by  the  National  Bureau  of  Standards 
against  a  performance  standard  for  stagnation  resulted  in  some  increases 
in  costs  for  those  collectors  that  needed  improvements.  But  such  impro¬ 
vements  doubtlessly  decreased  the  life-cycle  costs  for  such  improved  col¬ 
lectors  because  they  had  greater  durability.  These  tests  and  standards 
may  also  decrease  the  average  cost  of  manufacturing  by  reducing  the  high 
cost  of  replacing  collectors  that  fail  while  under  warranty.  The  ultimate 
impact  of  standards  on  cost,  however,  cannot  be  verified  by  existing  data. 
It  would  appear  that  a  cost  reduction  is  involved  when  a  manufacturer, 
designer,  or  installer  can  rely  on  established  standards  for  performance, 
tolerances,  and  materials  such  as  absorptive  coatings,  absorber  plates, 
cover  plates,  sealants,  insulation,  heat  exchangers,  and  working  fluids. 

1 1 .6.4  Competition  and  Government  Subsidy  Impacts 

Both  private  industry  and  the  federal  and  state  governments  have  been 
actively  involved  in  the  developing  solar  industry  of  the  1970s  and  early 
1980s.  The  normal  competitive  nature  of  the  open  marketplace  has  been 
significantly  influenced  by  federal  and  state  tax  laws,  direct  subsidy  of 
solar  purchases,  and  considerable  indirect  subsidy  through  government 
RD&D  programs  inclusive  of  market  development  activities. 

The  government-sponsored  RD&D  programs  of  the  state  and  federal 
agencies  have  most  certainly  reduced  the  ultimate  costs  of  solar  systems. 
An  indeterminately  large  amount  would  have  been  expended  by  the 
private  sector  and  ultimately  attached  to  the  cost  of  solar  products  had 
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not  the  government  provided  this  support.  As  in  many  other  areas  the 
actual  impact  on  costs  is  not  possible  to  measure.  It  is  a  fact,  however, 
that  the  basic  thrust  of  the  majority  of  government  RD&D  activities  has 
been  to  increase  the  commercial  viability  of  the  solar  industry  primarily 
by  reducing  the  economic  risk  for  manufacturers,  contractors,  and 
buyers.  In  the  competitive  market,  this  risk  reduction  equates  to  cost 
reduction — somewhere  in  the  total  cost  equation. 

Taxes  have  a  significant  impact  on  the  life-cycle  costs  of  ownership 
even  though  the  immediate  capital  cost  (total  cash  payments  made  to  all 
suppliers  and  contractors  for  all  components  and  installations)  may  not 
be  directly  affected  by  property  and  income  taxes.  Relief  from  property 
taxes,  or  income  tax  credits,  such  as  those  adopted  by  many  cities,  states, 
and  the  federal  government,  has  had  a  major  effect  on  the  life-cycle  costs 
of  solar  system  ownership  and  has  also  affected  the  installed  cost  of 
systems — possibly  by  increasing  rather  than  reducing  the  capital  cost. 
As  stated  in  an  analysis  conducted  by  the  California  Foundation  on  the 
Environment  and  Economy  (CFEE,  1981),  “It  is  also  possible  that  one 
effect  of  the  California  solar  tax  credit  will  be  to  increase  or  at  least  lessen 
downward  pressures  on  the  retail  price  of  solar  systems."  Special  mort¬ 
gage  rates  or  loan  programs  also  influence  the  life-cycle  ownership  costs 
of  solar  systems  and  may  add  some  pressure  to  increase  prices.  However, 
no  studies  are  known  that  address  these  concerns,  and  historical  cost 
data,  as  summarized  in  this  chapter,  do  not  display  significant  changes  in 
trend  at  the  point  of  the  major  national  tax  credit  program  initiation  in 
1977.  Although  an  increase  in  the  average  cost  per  square  foot  for  resi¬ 
dential  hot  water  systems  may  be  observed  in  the  1977  1979  period  in 
figure  1 1 .4,  there  are  not  sufficient  data  to  relate  this  change  or  any  other 
change  in  the  figures  to  the  tax  subsidy  or  any  other  single  factor. 

11.7  Conclusion 


The  historical  cost  trends  for  solar  thermal  systems  vary  considerably  de¬ 
pending  on  the  specific  technology  and  the  market  sector.  We  have  pre¬ 
sented  data  according  to  generic  systems  categories  and  general  markets 
at  a  national  level.  We  have  had  to  use  a  general  definition  of  cost 
installed  capital  cost  rather  than  the  delivered  cost  of  energy,  which  is 
ultimately  the  measure  of  competitiveness  in  the  marketplace.  These 
data,  then,  provide  only  a  general  overview  of  cost  trends  from  1972  to 
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1982  that  reflect  the  type  of  U.S.  average  data  available  and  its  sources. 
We  have  also  referenced  some  of  the  projections  made  in  the  early  and 
late  1970s  and  found  that  they  coincide  rather  well  with  the  actual  trends 
in  the  medium- temperature  technologies.  A  cursory  review  of  broader  in¬ 
dustry  factors,  such  as  economies  of  scale,  competitive  forces,  and  gov¬ 
ernment  involvement,  has  not  provided  any  significant  clues  to  the  causes 
of  the  cost  trends,  although  these  factors  certainly  have  been  influential. 
The  actual  cost  trends  do  demonstrate  cost  behavior  of  systems  that  have 
matured  significantly  in  technical  terms  since  the  early  1970s;  however, 
they  do  not  necessarily  represent  the  potential  cost  trends  should  solar 
energy  technologies  achieve  the  much  greater  production  quantities  that 
could  result  when  and  if  solar  replaces  conventional  energy  sources  on  a 
larger  scale — an  event  that  still  appears  imminent. 
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